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The aim of this thesis was to calculate the abrasion rate for post-mortem disarticulated 
Halimeda segments collected from a lagoonal reef platform in the south Maldives. 
Further, to assess the relative taphonomic breakdown signatures of segments through 
time. Calcifying macroalgae species Halimeda has been long recorded as a significant 
tropical reef dweller and represent a key contributor to tropical reef sediment complexes, 
particularly in post-bleaching scenarios due to ecological and environmental shifts from 
coral to algae dominated tropical reefs.  
Preliminary data was first collected on the living species assemblages and combined with 
sediment size data to understand the source and abrasion environments. Counts of 2672 
H. macrophysa and H. micronesica living plants present across Kandahalagalaa reef 
platform, South Huvadhu Atoll, Maldives, on both the north (windward) and south 
(leeward) reef crest were performed with combines species presence ranging from 65 
plants per m2 to 38 plants per m2 respectively. Spatial distributions of Halimeda across 
the Kandahalagalaa reef were significantly different between north and south sample 
sites (p = 0.00). Results then analysed 57 sediment samples taken from eight radial 
transects extending around the island across the reef platform and current beach face 
through a grain size analysis. Using the Wentworth (1922) sediment size standard there 
was a general trend of fining grain size from medium and coarse sand with distance from 
the reef crest to the inner island, with medium sand the main contributor to 
Kandahalagalaa platform. Sediment ranged from 749.4 µm – 232.8 µm on average at the 
north reef crest and north east inner lagoon respectively. Kandahalagalaa island sediment 
is largely composed of medium sand clustering around 250 µm (66.51 % of all sand 
collected from island zones). Recognisable Halimeda segments were not found 
incorporated within the island complex, there was also a significant lack of sediment 
smaller than 90 µm across all sites, with the two finest size classes containing less than 
0.19 % of all sediment measured. 
Using locally sourced sediment as abrasive in tumbling barrel experiments a 
comprehensive weight reduction and types of taphonomic breakdown occurring through 
time were then recorded. 2500 hours of swash zone simulated abrasion of Halimeda were 
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performed in total. In contrast to recent research on Halimeda durability under tumbling 
barrel abrasion studies, plate segments remained in this environment for 500 hours with 
82.27 ± 0.45 % of samples remaining at the end of experiments. Post-mortem Halimeda 
segments were more likely to persist in the reef platform system and is not a soft, or 
easily erodible material as when abraded using source environment material Halimeda 
showed remarkable durability and remained largely intact. Types of taphonomic 
breakdown seen was largely pitting, scalloping, and flaking of individual segments, and 
occurring across most Halimeda segments by the end of tumbling experiments. This 
presents an issue where Halimeda segments are persistent but were not found within the 
associated reef island sediment complex. The pathway between Halimeda breakdown 
and transport to sediment reservoirs 
The approach used in this study and findings from this research highlight the importance 
of replicating likely abrasive environments where in field studies could not be conducted 
and the importance in identifying natural abrasion rates of species for estimating time 
between death and deposition, to integration of Halimeda into reef island complexes. 
This thesis also identifies the need for understanding Halimeda breakdown rates for AMS 
radiocarbon dating to estimate the age of sediments due to an extended period between 
disarticulation from plants, the need for identifying the critical pathway Halimeda takes 
when undergoing abrasion due to a lack of identifiable segments and fine sand and silt 
stored within the island, as well as understanding the process of recrystallisation and 
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Chapter 1 – Introduction  
1.1 Introduction 
This thesis assesses the abrasion and breakdown rates of post-mortem Halimeda sp. 
platelets collected from the reef crest on Kandahalagalaa, South Huvadhu, an atoll 
interior island in the Maldives. Then, as a part of the coral reef calcium carbonate 
production system, the potential for Halimeda sp. to contribute sediment to island 
building is considered. In addition, sedimentary analysis will be completed for the 
Kandahalagalaa reef, lagoon, and island. Experimental abrasion analysis will be 
conducted using post-mortem Halimeda sp. plates collected from the Kandahalagalaa 
reef crest. The distribution of Halimeda sp. present across the northern and southern sides 
of the Kandahalagalaa reef will be investigated to estimate the abundance of the species 
present. Using the relationship between ecological and sedimentological datasets I 
examine the potential production, redistribution, and deposition of reef-derived carbonate 
sediments from Halimeda sp. on this Maldivian atoll interior carbonate platform. This 
investigation will determine calcium carbonate inputs from Halimeda sp. for island 
building at a time when there is a need to understand sediment production on reefs in 
order to determine climate change impacts on coral reefs.   
Coral reefs are environmentally and economically vital on a world scale.  These high 
productivity environments provide home to some of the most diverse marine ecosystems 
on the planet. Biologically influenced and wave-resistant, complex coral structures are 
composed on coral framework carbonate sediments and are the worlds’ largest biogenic 
structures and are the only such structure which can be visible from space (Smithers, et 
al., 2007; Mumby and Steneck, 2008). Globally, coral reefs constitute about 0.17% of 
ocean area and about 15% of the shallow seas within 0-30 metres depth. In the Maldives, 
reef islands occupy 5.1% of the reef area and are common spaces for human inhabitancy 
in tropical regions (Crossland, et al., 1991; Woodroffe, 2008). These productive systems 
dominate the coastal tropical environment, are greatly influenced by their surrounding 
biological and physical factors and are capable of providing sediment to atoll islands 
predominantly sourced by sediments produced on fringing coral reefs which border the 
reef flat (Crossland, et al., 1991; Hoegh-Guldberg, 1999; Wizemann, et al., 2015). As a 
result of this, most reef-derived sediments have biogenic origins and the amount of 
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calcium carbonate produced in coral reef environments are essential for not only atoll 
reef island formation but maintenance of islands (Chrisholm, 2000; Yamano, et al., 2000; 
Perry, et al., 2011). This relies on the transportation of sediments from areas of 
production to sites of deposition to maintain islands (Yamano, et al., 2000; Wizemann, 
et al., 2015).  
The coherent accumulations of unconsolidated bioclastic sediments deposited at or near 
sea level creating reef islands on top of reef platforms provide the only habitable land for 
mid-ocean atoll nations (Ford and Kench, 2014). Islands developed on atolls and platform 
reefs are low and flat with maximum altitudes of a few metres, leaving them incredibly 
vulnerable to extreme events and environmental changes such as cyclones and sea level 
rise (Yamano, et al., 2005; Woodroffe, 2008). The sediment production regime on coral 
reefs is driven by the ecological process of growth and post-mortem destruction of 
carbonate-producing reef organisms such as corals, molluscs, crustose coralline algae 
(CCA) and coralline algae (Wizemann, et al., 2015; Morgan and Kench, 2016). Coral-
algal interactions play a key role in not only the degradation of the stability of coral reefs 
but determines the contributions to the sediment budget (Mumby, 2009; Brown, et al., 
2017). As coral reef cover falls with increased disturbances, benthic fleshy macroalgae 
communities increase concurrently, resulting in community phase shifts from 
functioning reefs to reefs dominted with macrolage (Mumby, et al., 2005; Bruno, et al., 
2009).  
Surrounding reefs can yield continuous supplies of sediment to atoll islands through 
biological factories such as macroalgae communities. This sediment produced from 
macroalgae communities is selectively available through appropriate wave and current 
regimes responsible for building and maintaining islands (Perry, et al., 2011). 
Macroalgae communities existing on coral structures, while limited to coastal areas and 
continental shelves, are highly productive zones with structural complexities which 
create complex microhabitat types within reef ecosystems (Hader and Figueroa, 1997; 
Szmant, 2002; Graham and Nash, 2013). The distribution and frequency of these 
carbonate-producing organisms depends strongly on environmental factors such as light, 
water temperature and sedimentary influx (Flügel, 2013). The interactions between coral 
and macroalgae can be used to define whole reef and ecosystem health, and interactions 
between coral-algal species are due to a number of factors, including the species involved 
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and the size of the coral colony (Brown, et al., 2017). Island and reef sediment reservoirs 
can closely reflect living reef communities, with a reported over 90 % or more of the 
carbonates found within modern marine environments are biological in origin, where the 
sediments have been biologically induced by an organic trigger, or are biotically 
controlled (Flügel, 2013; Morgan and Kench, 2016). Identifying the sediment 
connectivity between source and sink on coral reefs is problematic as gross carbonate 
production does not directly equate to sediment production (Morgan and Kench, 2016).  
Reef islands are presently diverse and unique sedimentary landforms, and much is still 
unknown about their basic elements such as the composition. Central to the ongoing 
morphological stability which reef islands present is the production, transfer, and 
redistribution of reef-derived sediment from the adjacent benthic communities. These 
benthic communities are capable of transferring sediment produced by the reef for 
initiating island formation and maintaining supply for island development (Morgan and 
Kench, 2016). In scenarios of near-future environmental change, islands are often seen 
as passive geomorphic landforms which will remain static under potential rising sea 
levels (Morgan and Kench, 2016). These predictions do not take into account the inherent 
complexities of reef island morphodynamics and the naturally dynamic landforms which 
are capable of changing their morphology and position over short-term (seasonal) and 
medium-term (inter-annual to multi-decadal) time scales (Morgan and Kench, 2016).  
Reef sediments can be derived predominantly from surrounding reef algae communities, 
which act as the ecological component of the system (Perry, et al., 2011). Such calcifying 
macroalgae including Halimeda sp. are important sediment producers for coral reef 
systems and for island building in order to combat the effects of rising sea levels (Ford 
and Kench, 2012). Halimeda is a key macroalgae genus existing within most tropical reef 
systems, composed of fused aragonite needles and have an external surface which is 
covered in small pits (utricles) creating calcified flat segments (60-80 % CaCO3) between 
approximately 0.5-3 cm wide (Drew, 1993; Rees, et al., 2007). These disjointed segments 
typically begin to calcify after growth and once dead, will separate from each other to 
consequently inhabit the sediment reservoir (Price, et al., 2011). 
Halimeda sp. have been found as considerable contributors of carbonates to reef sediment 
facies on the Spearmonde Archipelago, Indonesia (Janßen, et al., 2017), the western 
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Great Bahama Bank, Great Barrier Reef (Rees, et al., 2007; Mayakun and Prathep, 2019) 
and across the Pacific and Atlantic oceans due to a high growth rate and high protection 
against predators (Multer, 1988; Freile, et al., 1995; Rees, et al., 2007; Alós, et al., 2016). 
The macroalgae likely originated in the Cretaceous period and is thought to have 
contributed to reef and reef island sediments for at least the last 65 million years (Drew, 
1993). However, little is actually known more widely about Halimeda as an individual 
contributor to atoll interior island growth, and about the rates of floral disaggregation.  
The effects of associated climate change are an additional threat as there is a direct threat 
through land submergence, while effects from shifts in sea-surface temperature, changes 
in ocean chemistry, and storm frequency may also directly impact the reef builders which 
directly contribute to local island development (Perry, et al., 2011). As typically low-
lying (<5 m above mean sea level), and unconsolidated reef sand derived structures, reef 
islands are considered highly vulnerable significant economic and ecological 
environments in the Maldives (Perry, et al., 2011).  Best estimates of future sea level rise 
are predicted to rise between 17-26 cm before the year 2050 and will continue to rise 
steeply beyond that date suggesting sea levels to be higher in the long term. There is large 
concern for the status of reef islands as structures which have been long considered to be 
extremely vulnerable to future sea-level rise and the associated effects of environmental 
change (Lewis, 1990; Yamano, 2002; Perry, et al., 2011). In predicting future island 
stability there is a reported specific need for a greater understanding of the ecological-
geomorphological links which function in island systems, and particularly how reef 
ecological change can impact the biology of reef habitats and as a result of this on the 
biological sediment factories (reefs) (Perry, et al., 2011). 
Despite being identified as a key contributing species to reef platform islands, no recent 
studies have comprehensively investigated the rates of breakdown of post-mortem 
Halimeda plates and the relationship to the sedimentary structure of the entire reef 
platform (Swinchatt, 1965; Wiman and McKendree, 1975; Drew, 1983; Ford and Kench, 
2012). Understanding the rates and types of sedimentary breakdown occurring for 
individual species can have an important effect on the textural characteristics of the 
resulting sediment and can be used as taphonomic indicators to approximate the degree 
of transport, and/or reworking which affected the skeletal parts before incorporation into 
the sediment reservoir (Swinchatt, 1965). With reef islands composed entirely from 
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bioclasts and reef building organisms such as calcareous algae produced in the adjacent 
reefs, they are naturally dynamic and combined products of geological, physical and 
ecological processes (Yamano, et al., 2005). Island structures present diversity in size, 
constituents, sedimentation history and dynamics and for carbonate sediments the grain 
size, sorting, and roundness should reflect the physical environment (Swinchatt, 1965; 
Yamano, et al., 2005). The influence of factors such as the local intrabasinal origin, and 
the dependence of carbonate sediments to reflect some form of organic activity can create 
problems in the interpretation of texture and constituent composition of carbonate 
sediments (Swinchatt, 1965).  
Coral reef structures act as natural breakwaters and produce a depositional environment 
which is suitable for island maintenance (Yamano, et al., 2005). The actual sediment 
supply from coral reefs to islands is a highly selective process determined by sediment 
type, grade, shape, and density, which control the transport potential. As a result of this 
many associated islands are made of a relatively restricted range of grain types and grain 
size fractions (Perry, et al., 2011). Reef islands are formed entirely from sediment 
produced by organisms within a reef environment, hence understanding the sediment 
production from different contributors is key for future reef island resilience strategies 
and understandings. Within the Indian ocean there has been a documented importance of 
sediment delivery to islands and is mostly linked to episodic extreme events through 
feedbacks between reef-scale hydrodynamic processes and reef morphology (Morgan 
and Kench, 2016). Islands depend on the production and transport of sediment, which 
will be reduced if the health of a reef is impaired where sediment paths may be interrupted 
(Woodroffe, 2008). From this there is the opportunity to understand the time to, and types 
of breakdown occurring for key reef sediment contributor Halimeda from simulated 
swash zone abrasion.  
The longevity of Halimeda within reef lagoons is relatively unknown as individual 
segments are removed from the macroalgae and deposited immediately behind the 
forereef. Understanding the rate of abrasion of Halimeda and types of abrasion occurring 
across individual Halimeda segments is important for identifying the key link between 
death and time to burial for this common reef dweller (Ford and Kench, 2012). Abrasion 
rates can be used to identify whether reef constituents which resist physical destruction 
for a period which is greater than the time and distance required to transport it to a 
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depositional environment are preserved within a reef island system when coupled with 
sediment grain size analysis, or if constituents remain in the abrasive environment and 
are deposited as broken-down sedimentary particles or are deposited off-reef (Mitchell-
Tapping, 1981; Morgan and Kench, 2016). 
 
1.2 Research objectives 
Previous work on reef island sediment budgets in the Maldives have been limited in their 
consideration of Halimeda sp. as reef sediment contributors (Yamano, et al., 2005; 
Gischler, 2006; Ford and Kench, 2012; Morgan and Kench, 2014; Liang, et al., 2016; 
Morgan and Kench, 2016; Aslam and Kench, 2017). An investigation of the durability 
of post-mortem Halimeda sp. under natural reef conditions is necessary to quantify rates 
of breakdown and the potential for incorporation into an atoll interior island such as 
Kandahalagalaa. Through simulating a swash environment the rate and type of abrasion 
occurring can be estimated as field studies cannot be used to assess abrasion. The primary 
aim of this research is therefore: 
• To estimate the abrasion rate for post-mortem disarticulated Halimeda segments 
and identify the potential for segments to become incorporated into the island 
structure using Kandahalagalaa island, southern Maldives as a study site.  
Collectively, data will be used to identify the ecological and sedimentary processes most 
critical for island sediment supply at Kandahalagalaa. To calculate the breakdown rates 
and sedimentary structures of Kandahalagalaa island and reef platform the primary 
research aim will look at analysing the abrasion rate for disarticulated Halimeda 
segments from a post-mortem state under a simulated swash environment through 
tumbling barrel experiments, and assess the relative taphonomic durability of segments 
under travel through time. To comprehensively analyse the primary research aim of 
Halimeda breakdown there are two supplementary research aims which will provide the 
necessary background of the Kandahalagalaa reef platform source material, and the 
transport and natural abrasive material present. These supplementary aims are to: 
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• Identify the distribution of living Halimeda species present across the 
Kandahalagalaa reef platform and crest, 
• Identify the sedimentary components across the reef platform and current beach 
face through grain size analysis.  
As a result of these research aims this presents the opportunity to understand the potential 
for Halimeda present on Kandahalagalaa reef to be incorporated into the island sediment 
complex, using abrasion rates and a grain size analysis from Kandahalagalaa island.  
 
1.3 Thesis structure 
This thesis is presented across seven chapters. This first chapter introduced the research 
topic and identifies key research objectives. Chapter two reviews the relevant theoretical 
literature, first by reviewing calcium carbonates in the global system, before describing 
the role of Halimeda sp. in the CaCO3 budget for tropical reef islands and examining 
methods used to review this. Chapter three is a description of the field site and 
information on the ecological and climatological processes occurring on the platform 
habitat before providing a detailed overview of the methods used to collect in field data 
and samples, and the laboratory processes used. Chapter four displays and analyses the 
results from the field study and lab results of sample processing. Chapter five is a 
discussion of the significance of the results within the context of existing knowledge, and 
chapter six summarises the key findings and conclusions drawn from this study. This 
thesis also contains an appendix with further details of statistical data used in the study, 




Chapter 2 - Theoretical review  
2.1 Introduction 
With growing evidence of the vulnerability of low-lying atoll islands around the world 
to submergence due to climate change and associated sea level rise there has been 
increased research into reef island sediment complexes, as the temporal dynamics of 
carbonate budgets can have broader implications for reef systems and adjacent landforms 
(Ryan, et al., 2019). A comprehensive investigation of the mechanical erosion process of 
tropical reef constituent sediment is an emerging subject in which studies, combining the 
applied bioerosion and chemical dissolution knowledge, can contribute to the 
understanding of reef island sediment budgets (Chave, 1960; Moberly, 1968; Driscoll, 
1967; Mitchell-Tapping, 1981; Hoskin, et al., 1983; Kotler, et al., 1992; Ford and Kench, 
2012; Arabnia and Skylar, 2016; Perry, et al., 2016). It has become apparent that for 
islands to survive in their present form it is necessary for them to have healthy coral and 
associated carbonate producing populations as atoll islands are composed directly of the 
dead and broken skeletons of surrounding corals and other calcareous organisms 
(Stoddart and Steers, 1978; Perry, et al., 2011; Ryan, et al., 2019). A theoretical review 
of a number of these principals and applications surrounding individual reef dwelling 
calcium carbonate producers and the associated abrasion processes occurring after death 
are a focus of this chapter.  
This chapter begins with an overview of coral reefs and their associated sediment 
complexes (Section 2.2), before identifying climate change and the associated impacts of 
coral reefs and coral reef islands. These sections will address the shift to a macroalgal 
dominated system which coral reefs are currently experiencing affecting the living 
distributions of species present across reefs and will support the research objective 
investigating the living distributions of Halimeda species present across the study site.  
This chapter then identifies the specific calcium carbonate producers within coral reef 
systems (Section 2.4), and the current estimates of contributions to reef production firstly 
to global production (Section 2.4.1), before looking specifically at the carbonate 
sediment production for associated reef landforms (Section 2.4.2) and methods of 
measuring carbonate production (Section 2.4.3). These sections will draw on the 
literature to support the research objective investigating the sedimentary components 
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across the study site reef platform by identifying the contributors to the sediment complex 
and past and current estimates of sediment budgets.  
To support the primary research aim of this project of analysing the abrasion rate for 
disarticulated Halimeda segments under a simulated swash environment through 
tumbling barrel processes, and assessing the relative taphonomic durability of segments 
under travel through time this chapter then focuses on the role of calcium carbonate 
production by Halimeda (Section 2.5). This section then will identify living Halimeda 
processes, microstructures, and growth (Section 2.5.1), and the post-mortem behaviour 
of Halimeda including secondary cementation (Section 2.5.2). Section 2.6 reviews the 
current methods of the physical abrasion of particulates, and the use of tumbling barrels 
for estimating species constituent breakdown (Section 2.6.1). Following this the 
sedimentary products produced through the abrasion of Halimeda are reviewed alongside 
the different types of abrasion occurring on reef constituents used within literature to 
identify taphonomic breakdown are presented in Section 2.6.2. Section 2.7 presents a 
view of the current taphonomic and sedimentary studies produced on coral reefs and 
Halimeda and the uncertainty surrounding rates of production and accumulation. Lastly, 
Section 2.8 concludes the previous literature reviewing Halimeda, sediment complexes 
and tumbling barrel abrasion and revisits the research aims.  
 
2.2 Coral reefs and associated sediment complexes 
Coral reefs are high productivity environments which provide home to some of the most 
diverse marine ecosystems on the planet. Coral reefs are biogenically influenced, wave-
resistant structures composed on ancient coral framework and carbonate sediments 
(Smithers, et al., 2007). These productive systems dominate the coastal tropical 
environment, thriving in tropical and sub-tropical water temperatures between 18⁰C and 
30⁰C (Figure 2.1), and are greatly influenced by their surrounding biological and physical 
factors (Hoegh-Guldberg, 1999). An estimated 527,072 km2 of coral reefs existed across 
the world in 2006 (Figure 2.1) and 18.7% of those existed within a form of Marine 
Protected Area (Mora, et al., 2006). Coral reefs and reef island habitats provide the only 
sites for human habitation in coral reef archipelagos (Ford and Kench, 2014). Reefs 
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generally will not develop where minimum winter temperatures fall below 16°-18°C, 
however researched relative effects on distribution and tolerance by corals from direct 
and indirect temperature constraints, such as the reduction of calcification, were 
underreported and therefore unknown moving into the 21st Century (Kleypas, 1997). 
Such changes are capable of modifying reef ecology and geomorphology, such as a 
change in benthic community composition and species interactions, and a reduction in 
the topographic complexities which would typically exist (Perry, et al., 2012). The 
buffering capacity to disturbance is determined by characteristics within a reef 
community such as the genetic variability, the number of species involved in ecological 
processes, and the variability of habitats (Nystrom and Folke, 2001). 
Coral reef complexes play a direct role in reef island building, maintenance and 
morphodynamics as coral reef islands are the accumulations of the associated bioclastic 
and carbonate sands and gravels that characterise the surface of atoll and reef platforms 
(Crossland, et al., 1991; Hoegh-Guldberg, 1999; Ford and Kench, 2012; Wizemann, et 
al., 2015). Carbonate sediments are direct deposits derived from the skeletal remains of 
living reef organisms including coral, crustose coralline algae (CCA), and macroalgae 
(importantly, Halimeda sp.) among others, which are deposited and worked through 
bioerosion, chemical destruction, physical breakdown, and hydraulic sorting pathways to 
island landforms (Scoffin, 1992; Ford and Kench, 2012; Wizemann, et al., 2015; Morgan 
Figure 2.1 Global distribution of warm-water coral reefs according to UNEP-WCMC, 
ReefGIS distribution data, from UNEP-WCMC, WorldFish Centre, WRI, TNC (2018).   
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and Kench, 2016). The total sedimentary characteristics (Figure 2.2) of a reef complex 
are a result of the development of the ecological system surrounding, and the processes 
mentioned in sedimentation and diagenesis (Orme, 2012).  
To understand carbonate sediment generation for island building and maintenance the 
physical, biological, and chemical processes must be understood to understand sediment 
production (Ford and Kench, 2012). Descriptive accounts of sediments and the 
distribution of sedimentary facies have been long incorporated into studies surrounding 
reef complexes (Purdy, 1963; Swinchatt, 1965; Force, 1969; Alongi, 1989; Ford and 
Kench, 2012; Jones, 2012 East, et al., 2016; Morgan and Kench, 2016). Orme (2012) 
identifies however that few are investigating the physical processes controlling 
sedimentation due to inherent practical field method difficulties.  
The physical breakdown of reef skeletons post-mortem determines both the nature of the 
hard parts under taphonomic consideration and the rate and nature of entombing 
sediment. Physical destruction causing mechanical breakdown occurs through wave 
turbulence and storm events which may fragment large coral heads or break large and 
small fragments from the reef frame (Swinchatt, 1965). As a general rule the longer the 
sedimentation process (equalling a prolonged exposure on the seabed) the higher 
likelihood to result in good preservation (Swinchatt, 1965). The pathway a particle will 
take post-mortem can depend on critical factors such as; (1) How the organism lived (e.g. 
volumetric abundance, size frequency distribution of population, (2) how the organism 
died, (3) what happens between death and initial burial, e.g. disarticulation, 
disintegration, consumption by scavengers, transported by currents, fragmentation and 
abrasion, bioerosion, or sorting by physical and biological processes (Swinchatt, 1965). 
Smaller fragments on reefs are reduced in size by cracking and chipping, produced 
through collisions during storms and times of lesser wave turbulence. In addition to this 
the breakdown of large and small particles adds considerably to reductions in the size of 
particulate material due to sand sized particles often in motion, with frequent contact and 
the rubbing together of grains slowly reducing size (Swinchatt, 1965). As reef islands are 
composed entirely from biogenically generated sediments, directly sourced from 
surrounding carbonate reef communities (Figure 2.2), there are constitutional links 
between the reef ecology and sediment production with physical destruction through 
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breakdown of reef framework dwellers a part of this process (Mumby, 2009; Perry, et 
al., 2011; Brown, et al., 2017).  
The ability for reef organisms to generate sediment depends directly on the production 
rates of carbonate-producing organisms, with the producing potential influenced by 
population density, calcification rates and turnover rates (Perry, et al., 2011). This 
organism is then subject to two sediment production pathways: 1) the inherent production 
due to physical erosion and bioerosion of the reef framework, and 2) the direct production 
as a result of post-mortem deposition of the skeletal remains of infaunal and epifaunal 
calcareous taxa (Perry, et al., 2011).  
Different bioeroding agents are known to produce sediments within a unique size range 
which influences the ongoing abrasion of clasts, however in contrast to the role of 
bioerosion the influence of physical breakdown in sediment generation is less understood 
(Ford and Kench, 2014). The investigation of the detailed nature of mechanical 
breakdown of reef material was first introduced in 1932, but was further expanded on by 
Figure 2.2 Representation of processes operating on a coral reef from producers to 
deposits (Ford and Kench, 2012). 
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Chave (1960) as the breakdown of reef sediments result from the in situ process of post-
mortem decay and disintegration, this is further explored in Section 2.6 (Scoffin, 1992).  
 
2.3 Climate change and coral reef islands 
Reef coral communities which have existed during the past 500,000 years have shown a 
remarkable resistance in taxonomic composition and diversity during multiple episodes 
of global climate change (Pandolfi, 2002). With the average surface temperature of the 
Earth the warmest it has been under instrumental records in 2015 and 2016 and global 
temperatures projected to increase to 1.8°C above the 2007 temperature average under 
the low-emission B1 scenario of the IPCC, coral reefs are identified as critically in danger 
(Kench, et al., 2005; Hoegh-Guldberg, et al., 2007; Donner, 2009; Hughes, et al., 2018). 
Such increases in tropical water temperatures over the last 50 years specifically have 
already pushed coral reefs close to their functioning thermal limits (Hoegh-Guldberg, et 
al., 2007) and it is likely that within the 21st century the current rate of global sea-level 
rise as a consequence of climate change induced temperature rise, will continue to 
accelerate (Nunn, et al., 2019). 
Evidence for sea-surface temperature (SST) warming had been found across most 
tropical regions by the year 2000, which can be correlated with an increase in the global 
concentrations of carbon dioxide and other associated greenhouse gases, as well as an 
increase of SST from between 0.07-0.5°C per decade (Fitt, et al., 2001; Coles and Brown, 
2003). With models expecting a further rise of between 1-3°C worldwide by the mid-21st 
century (Coles and Brown, 2003) there is an increased danger for sediment-producing 
macroalgae to continue to exist on coral reefs (Nelson, 2009). Rising SST has already 
caused population shifts in tropical macroalgae species across the world, and it is likely 
that coupled with increasing CO2, these will fundamentally influence the biochemistry 
and physiology of plants, to control the autotroph photosynthetic and growth responses 
(Koch, et al., 2013). With the greatest changes to SST occurring in near-equatorial 
regions such as the Indian Ocean (Figure 2.3) there is substantial reporting which points 
towards reefs in the Indian Ocean to be under severe threat from climate change 
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associated warming SST (Coles and Brown, 2003; Vivekanandan, et al., 2008; Lough, 
2012).  
The ability of a coral reef community to remain within its state or stability domain is 
determined by the ecosystem resilience or the tolerance to disturbance before a locally 
stable equilibrium shifts into another stability domain (Nystrom and Folke, 2001; Hoegh-
Guldberg, et al., 2007). With rising CO2 emissions set to lower the pH of the worlds’ 
oceans, it is expected that if anthropogenic emissions continue without a reduction in 
intensity, that the present average surface of seawater oh pH 8.1 will drop to 7.8 by 2100 
(Roleda, et al., 2015). This projected drop in pH will result in a change in the seawater 
carbonate system, and as calcifying organisms are particularly sensitive to perturbations 
in the seawater carbonate system, an increase in the ambient CO2 concentration, this can 
reduce their ability to synthesize and/or maintain their calcium carbonate skeletons 
(Kleypas and Yates, 2009; Roleda, et al., 2015). Calcifying algae have been known to be 
particularly sensitive to ocean acidification, and this loss of reef builders will continue to 
be a threat to both the biological and geological identifies of reef ecosystems (Hoegh-
Guldberg, et al., 2007; Kleypas and Yates, 2009). Coralline algae are a key settlement 
substrate for corals, but they have metabolically expensive high-magnesium calcite 
skeletons that are very sensitive to pH. As a result of potential loss of coralline algae may 
result in a compromised coral recruitment (Hoegh-Guldberg, et al., 2007).  Unless 
thermal thresholds change, coral reefs will experience an increasing frequency and 
severity of mass coral bleaching, disease and mortality and CO2 and temperatures 
continue to increase (Hoegh-Guldberg, et al., 2007; Kleypas and Yates, 2009). 
Figure 2.3 Average SST; black symbols indicating locations of 1° boxes containing 
coral reefs, contour is 28°C (Lough, 2012). 
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With islands in the Maldives rarely exceeding 3 metres (m) above sea level, coupled with 
a poor consolidation of materials in these sedimentary structures this allows for 
susceptibility to increased sea levels (Perry, et al., 2015b). In the last 130 years there has 
been a sea level rise of approximately 200 mm (Gischler, et al., 2008) and in the north 
Indian ocean data collected from tide-gauge recorded showed an average rise of 12.9 
centimetres per century (Han, et al., 2010). With continued changes into the 20th century, 
it is expected that continued rise throughout the 21st century could bring this to about 35 
cm, with an approximate range of 20-55 cm under one of the IPCC emission scenarios 
(IS92a) (Woodworth, 2005).  For island nations which rarely exceed 2 m above mean sea 
level this could allow for inundation, increased flood potential and stronger impacts of 
storm frequencies (Woodroffe, 2008).  
Reef island response to climate change under future sea level rise projections and the 
associated effects with climate change are poorly understood, however islands are 
showing increased resilience, through associated sedimentary inputs (Gischler, et al., 
2008; Kench, et al., 2005; Woodroffe, 2008). With current population shifts from coral 
dominated reefs to tropical macroalgae occurring, coral reef atoll islands typically 
characterised by low elevations, small surface areas and a reliance of locally generated 
reefal sediments are left particularly vulnerable to climate change induced sea level rise 
(SLR) (Kench, et al., 2005). Prior to 2016, the dominant taxa on Maldivian reefs were 
coral-dominated with shifts to macroalgal dominance following a major period of species 
decline and loss (Morgan and Kench, 2014; Perry, et al., 2016; Cerutti, et al., 2020; Perry, 
et al., 2020). As reef substrate clears in a bleaching episode following algae to thrive, this 
allows a previously inconspicuous member of coral reef communities to contribute 
increased supplies of carbonate sediment to reef islands (Fujita, et al., 2009; Vieira, et 
al., 2016).  
Underpinning views of vulnerability is the idea that reef islands exist as 
geomorphologically passive entities which simply inundate and erode incrementally as 
sea level rises; however, these ideas and assertions fail to acknowledge that island 
construction and future landform trajectories are closely linked to the biology of the 
surrounding coral reefs and reef flats (Nystrom and Folke, 2001; Kench and Cowell, 
2002; Perry, et al., 2011). A shift to macroalgal dominance can significantly contribute 
to the structure of coral reefs as they act as primary producers and sediment producers 
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when the presence of coral habitats for macroalgae refuge becomes available (Vieira, et 
al., 2016). 
 
2.4 Calcium carbonate production within coral reef systems 
The production of organic matter in the ocean is a major factor in any global carbon 
budget, not only from the various reef types; fringing, barrier, and atoll, but from within 
the different reef zones and structures capable of different rates of production (Crossland, 
et al., 1991). The rate at which coral reefs produce sedimentary materials has been a long-
speculated subject, and while it has been recognized that coral reefs are unique in their 
ability to precipitate materials from seawater at a steady state to keep up with a rising sea 
level, and to then consolidate such materials into an extensive structure, most estimations 
have been based on either biological or stratigraphic evidence (Smith and Kinsey, 1976). 
Three major taxa account for most of the CaCO3 present in reef sedimentary materials 
and structures; corals, coralline red algae, and calcareous green algae (Smith and Kinsey, 
1976; Wizemann, et al., 2015; Morgan and Kench, 2016). The production and 
accumulations of such reef carbonate producers is controlled by the relative rates of a 
range of ecologically, physically and chemically driven processes and interactions of 
production and erosion (Perry, et al., 2012). These productive environments and 
specifically the ecological processes that mediate some of the key sediment production 
pathways affect the ability of coral reef community ecosystem resilience.  
2.4.1 Estimates of the contribution of reef production to global ocean production 
Although coral reefs only occupied approximately 0.17% of the ocean surface moving 
into the 21st Century, they are capable of contributing 900 million tonnes of carbonate 
sediments, which can equate to roughly one sixth of the world’s oceans carbonate 
production each year (Langer, et al., 1997; Crossland, et al., 1991). Global carbonate 
production across the world’s oceans had been estimated at 5.7 billion tonnes per year in 
1997, and with 900 million tonnes of that amount produced by modern reef complexes. 
Net production, the amount of CaCO3 retained by a reef system was estimated to be about 
103 g CaCO3 m
-2 year-1 (Chave, et al., 1972). This high carbonate sediment productivity 
comes predominantly from benthic dwellers which is added by algal symbionts (Langer, 
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et al., 1997). A bulk of present-day reef carbonates is also being produced by corals, 
calcareous algae, and foraminifera (Langer, et al., 1997).  
Corals and other reef-building organisms only occur where the calcium carbonate 
production exceeds losses, which can occur across a wide range of environmental 
conditions (Kleypas, 1997). Therefore, the net production of calcium carbonate 
sediments is directly controlled by environmental conditions, which can also limit the 
capabilities by reef-building organisms (Kleypas, 1997). Understanding a contemporary 
island sediment supply and the dominant sediment-generating species and processes 
within a reef-lagoon habitat has been identified as a key aspect of island building 
processes (Perry, et al., 2015a). Coupled with this, the calculated half-life values has also 
been identified as able to provide great potential for improving the interpretation of 
carbonate sedimentary processes based off the composition and physical abrasion state 
of sediments. These identified half-life values provide a predictable rate of abrasion and 
have the potential to resolve the composition of surficial deposits (Ford and Kench, 
2012).  
Earlier studies lead to the idea that coral reefs are one of the most productive ecosystems 
in the world (Crossland, et al., 1991; Moberg and Folke, 1999; Mumby and Steneck, 
2008), however the global significance of coral reef production can be more fully 
appreciated when these estimates are placed in the context of production rates for the 
surrounding tropical oceans as it is difficult to drive quantitative, system-wide biomass 
data for coral reefs (Crossland, et al., 1991). A large quantity of reef production is 
suggested to be delivered off reef to the surrounding ocean, off-reef sediment transport 
on the Vabbinfaru platform in 2014 was calculated to range from an estimated 6 kg m-1 
y-1 to 123 kg m-1 y-1 (Morgan and Kench, 2014). Whereas rates on other reef settings 
varied between 14 kg m-1 y-1 to 151 kg m-1 y-1 on an open shelf reef at Cane Bay, St. 
Croix (Hubbard, et al., 1981), and 100 kg m-1 y-1 to 120 kg m-1 y-1 estimated by Hubbard 
et al. (1976) along the southern edge of Little Bahama Bank. This occurs through 
advection, migration, and external predation, however there are as of yet no reliable 
estimates of these pathways as they prove difficult to measure, especially for fringing 
and barrier reef systems (Crossland, et al., 1991; Hughes, 1999; Wizemann, et al., 2015).  
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Coral reefs surrounding an island act as biological factories which can yield a continuous 
supply of sediment that is selectively available, under appropriate wave and current 
regimes, capable of building and maintaining islands (Perry, et al., 2011). The importance 
of ecologically modulated sediment supply on the future sustainability of reef and low-
lying island landforms however remains poorly resolved (Perry, et al., 2011). It is 
important to know that from an ecological change perspective that many of the 
production and erosional processes which occur on reefs are themselves biologically 
driven, and because of this are inherently susceptible to environmental perturbations 
(Perry, et al., 2015a).  
Reef communities are globally diverse with no two reefs identical, with differences in 
the flora, fauna and oceanographic settings and as a result of this, published carbonate 
budgets regarding the production and accumulation of carbonates in the reef zone are 
widely varied, due to multiple authors using not only different data sets but by making 
assumptions regarding the production (Milliman, 1993). Carbonate production and 
accumulation rates have been reasonably well controlled for reef building organisms; 
however, it is noted that the future of island vulnerability is complex, and arguably 
presents itself as an island specific issue. There can be multiple influences, such as the 
rate of reef growth, the rate of sea-level rise, reef evolutionary stage and as a result of 
that, the accommodation space, island geomorphology, and the contemporary 
relationship between an individual island and their surrounding sedimentary regime and 
processes (Perry, et al., 2015b).  
2.4.2 Carbonate sediment production for associated reef landforms  
At the island scale, the conditions needed for island accumulation require constant 
sediment production, accommodation space and physical processes such as waves and 
currents which transport sediment to nodal locations on reef platforms (Kench, et al., 
2006; Yamano, et al., 2005). At the reef flat scale, energy gradients have also been found 
to control ecological, sedimentological, and geomorphic processes (Kench, et al., 2006). 
In most carbonate environments fauna are capable of reworking the sediment many times 
before it is buried down to depths below the range of their action, as mechanical 
mastication and chemical digestive effects of the sediment-ingesting infauna can be 
substantial (Lewis and McConchie, 1994). Carbonate sediments are subject to greater 
diagenetic modifications than detrital sediment before, during and after burial due to 
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being composed of minerals which can dissolve and reprecipitate readily with small 
changes in the common surface and subsurface conditions of temperature, pressure and 
water chemistry (Lewis and McConchie, 1994).  
Sediment production is an important attribute of reef island maintenance, as an island 
which is coupled to a healthy reef with processes such as continuous sediment generation 
and a high productivity reef cover, is more capable of responding to changes in 
environmental conditions (McKoy, et al., 2010). Islands will be positioned to experience 
increased erosion without a continuous supply of sediment, or a hydrodynamic regime 
which can be conductive to sediment transport from a reef to the reef island (Perry and 
Morgan, 2017a). There has also been evidence that following a mass mortality event on 
a reef, such as after bleaching, there may be increase in rates of erosion of hard coral 
(Kleypas, 1997). There are considerable variations in the abundances of carbonate grains 
from different sources which has been observed from one reef to another and often even 
within a single reef complex (Weber and Woodhead, 1972). Rates of growth of coral and 
algae vary across species, locations, environments, and seasons, and in some reef 
systems, the reported CaCO3 production by algae is more important than calcification by 
corals and are better described as coralgal reefs (Andersson and Gledhill, 2013).  
There has been a growth in the available evidence derived from field-based and remote 
sensing studies which suggest that reef islands are relatively robust geomorphic 
landforms and that central to morphological stability is the production, transfer and 
redistribution of reef-derived sediments from the adjacent benthic communities (Morgan 
and Kench, 2016). But there is still a need for additional studies due to the obvious 
ecological importance of calcium carbonate producers, to better assess not only 
ecosystem health, but importantly to assess sedimentary dynamics associated with the 
sediment budget (de Macêdo Carneiro and de Morais, 2016). 
Differences in sediment accumulation patterns between islands can be in part, explained 
by the temporal transitions and variations in sediment supply, with changes in sediment 
generation likely to reflect the alterations in the delicate balance between reef growth and 
productivity through time (Kench and Mann, 2017). Physical island change is an ongoing 
process for reef islands with differential island erosion and accretion, resulting in island 
migration on reef platforms and many islands increasing in size. The likely persistence 
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of reef islands into the foreseeable future places a premium on improved knowledge of 
both the environmental challenges which are confronting small reef islands and 
understand the future trajectories of reef islands. It is therefore necessary to develop a 
robust knowledge of not only the environmental controls on island formations, but the 
associated sedimentary inputs by sediment producers within coral reef systems (Kench 
and Mann, 2017).  
2.4.3 Measuring carbonate production 
Reef carbonate budgets can be determined by the rate at which a reef can produce and 
accumulate calcium carbonates. This is largely a part of the gross carbonate production 
from living corals, and other non-framework building reef organisms such as coralline 
algae, less the carbonate material removed from the reef structure through processes such 
as chemical dissolution, bioerosion and physical abrasion and physical movement such 
as offshore deposition (Figure 2.4) (Chave, et al., 1972; Glynn, 1997; Perry, et al., 2015a, 
2016b; Vieira, et al., 2016). The result is a rate of carbonate production which provides 
insight into not only reef growth potential but for sediment generation, relative 
contributions by specific carbonate producers to net carbonate accumulation, and 
sediment retention for atoll islands (Chave, et al., 1972; Perry, et al., 2012). The relative 
contributions vary, as individual coral types can typically deposit between 0.5-3.0 g 
CaCO3 cm
-2 year-1 as the growth rates of individual coral colonies can range from a few 
millimetres to a few centimetres per year (Lough and Barnes, 1997; Bessat and Buigues, 
2001). Alongside corals, crustose coralline algae have the potential to generate between 
1500-10,300 g CaCO3 m
-2 year-1 when assuming a 100% cover and estimates for benthic 
foraminifera can range from 150-2800 g CaCO3 m
-2 year-1 (Hallock, 1981; Chrisholm, 
2000). These contributions have shown to be relatively small in comparison to overall 
contributions from calcifying algae and corals which can be 1500-10,000 g CaCO3 m
-2 




There have typically been four methods used to estimate reefal carbonate production 
from local, to global scales: hydrochemistry, from census data, using the accumulated 
reef sediment, and numerical modelling (Vecsei, 2004). It was noted that a direct 
comparison of results published in 1997 could not be used to interpret other studies as 
the carbonate production varied between the reefs, and methods have not been applied in 
the same single reef (Vecsei, 2004). Models emerged to extrapolate the high diversity 
and rapid carbonate production of present-day corals to the interior of the accreting reef 
(Hubbard, et al., 1990). A variety of techniques have been applied to quantify gross 
carbonate production, including the use of census-based biological assessments (Perry, 
et al., 2012), numerical modelling (Kleypas, 1997), sediment traps, and reef cores 
extending into geological records (Hubbard, et al., 1990; Kench, et al., 2012; East, et al., 
2016). The modelling approach used by Kleypas (1997) uses a limited methodology as 
it is based on corals as the main contributor to global carbonate sediment budgets and 
doesn’t regard other contributing organisms (importantly calcareous algae). When using 
core analysis the rates of accumulation are affected in areas where predators have been 
artificially removed, as the intensity of herbivory controls production in part (Hubbard, 
et al., 1990). Accumulation, production and deposition rates also vary between species 
as residence times within reef zones provide a problem when quantifying carbonate 
production (Hubbard, et al., 1990). When considering modelling and coring methods 
there is no single model for reef devleopment and island building (Kench, et al., 2012).  
Figure 2.4 A generalised schematic illustrating the working principal components of 




Currently, there is still a need for more accurate measurements of individual producers, 
such as the standing stock of species such as Halimeda, and newer models of population 
dynamics which could be useful tools in estimating the current CaCO3 production. This 
would in turn improve the knowledge on the role of Halimeda in the marine carbonate 
budget (de Macêdo Carneiro and de Morais, 2016; Carneiso, et al., 2018). A widely used 
method for recording Halimeda growth rates is the Alizarin Red staining method, with a 
further retrieval post staining to count the number of new segment growth after the initial 
staining incidence (Multer, 1988; Vroom, et al., 2003; Perry, et al., 2016; de Macêdo 
Carneiro and de Morais, 2016). Carneiso, et al (2018) suggest that instead of an 
alternative methodology for retrieving growth rates, that estimates of coverage variation 
should be also used to complement Halimeda growth measurements, which would result 
in a more precise estimate of CaCO3 and biomass production. 
Identifying the sediment connectivity between the source and sink on a coral reef system 
is however problematic as the gross carbonate production (GCP) does not translate 
directly to the total sediment production (Perry, et al., 2012; Morgan and Kench, 2016). 
The GCP represents a “snapshot” of reef productivity during the field period and may 
vary due to environmental perturbations such as bleaching, storm damage, or natural 
fluctuations (Perry, et al., 2012). Global estimates have consistently varied within 
literature through time as Smith and Kinsey (1976) estimates global production as an 
average of 4000 g m1 year-1, however other rates have ranged as high as 10,000 g m-2 
year-1 (MacIntyre, 1988). In the Indian Ocean sediment production is generally low, 
estimated as only 5.2 kg m-2 year1 on the fore-reef (Vecsei, 2004). 
There is a need for a better understanding of sediment production, physical and biological 
erosional processes, and the transport to islands to be able to identify island localities 
most vulnerable to environmental change (Perry, et al., 2012; Morgan and Kench, 2016). 
To estimate local, regional, and global reefal carbonate production is a dilemma due to 
all used methods and estimates suffering from great uncertainties and no robust results 
(Milliman, 1993; Vecsei, 2004). Because of the limited data, cases of under- and over-
estimation cannot be ruled out for estimates of global (and local) sediment production. 
There is a perceived need to assume a short-term steady state where input must equal 
output, with processes such as dissolution and groundwater previously used to balance 
production (Milliman, 1993). Using estimates of small-scale topography such as surface 
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“roughness” have shown to play an important factor in estimating more accurate 
measures of net carbonate production (Vecsei, 2004; Leon, et al., 2015).  
The combined biological and physical rate of CaCO3 accumulation on reefs dictates the 
budgetary state of a particular reef and changes to any of the contributing factors may 
alter the carbonate sediment being supplied to associated islands (Chave, et al., 1972; 
Kench, et al., 2009). Majority of existing reef budget studies have used a census-based 
methodology to estimate the net gains and losses from biological framework production 
and breakdown, with net CaCO3 production by Indonesian reef between 7.6 – 11.68 kg 
CaCO3 m
-2 y-1 (Holmes, et al., 2000), and Caribbean reefs in Bonaire varying between 
2.28 – 9.46 kg CaCo3 m
-2 y-1 (Perry, et al., 2012), while Hawaiian reefs produce as little 
as 0.89 CaCO3 m
-2 y-1 (Harney and Fletcher, 2003), and a Maldivian reef at Mahutigala 
averaged 2.5 ± 2.4 CaCO3 m
-2 y-1 across the platform (Ryan, et al., 2019). However, no 
two reefs are identical, with each differing in flora and fauna, morphology, and in 
oceanographic climate directly influencing the rate at which CaCO3 is produced and lost 
(Chave, et al., 1972).  
 
2.5 The role of Halimeda production 
The green calcareous macroalgae Halimeda is an important well-known geologic and 
biologic producer of large volumes of sand-and-mud-sized sediments globally 
respectively and can be found in reef environments down to 150 m water depth (Chave, 
et al., 1972; Payri, 1988; Milliman, 1993; Freile, et al., 1995; Macintyre and Reid, 1995; 
Vroom, et al., 2003; Ries, 2009; de Macêdo Carneiro and de Morais, 2016). Measured 
CaCO3 sediment production rates of Halimeda meadows can in some cases exceed those 
of coral reefs, as Halimeda banks can be large and widespread on tropical shelves where 
they provide important habitats for many marine organisms (Kleypas and Yates, 2009). 
Halimeda have long been considered to be present only within warm, normal marine 
shallow-water environments as upright meadows, however with the introduction of 
submersibles the species can be identified in deeper in-situ environments such as those 
in the Caribbean and Indo-Pacific provinces. The species exists as hanging vines as 
“vigorous but healthy” when extending below the water surface and is a major 
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contributor of sand sized sediments on and within slopes (Mankiewicz, 1988; Milliman, 
1993; Freile, et al., 1995; Macintyre and Reid, 1995). Halimeda are typically found to 
grow at the base of branching corals such as Porites, Millepora and Acropora, growing 
in mats covering large areas of reef habitat and as one of the most abundant algal taxa 
across tropical seas (Figure 2.5) (Castro-Sanguino, et al., 2016). Growth and production 
rates across reef systems of Halimeda sp. are well researched and identified for many 
species within the genus (Chave, et al., 1971; Drew, 1983; Wefer, 1980; Multer, 1988; 
Payri, 1988; Macintyre and Reid, 1995; Carneiso, et al., 2018). Due to the importance of 
Halimeda as contributors to reef sediments and global calcium carbonate production, the 
genus has been the subject of many studies of direct estimates of annual growth rates and 
CaCO3 production (Macintyre and Reid, 1995; Perry, et al., 2016; Carneiso, et al., 2018; 
Mayakun and Prathep, 2019; Castro-Sanguino, et al., 2020; Perry, et al., 2020).  
2.5.1 Halimeda growth 
Halimeda sp. grow mainly through the development of discrete new plate segments at 
branch tips, which rapidly achieve full size before a progressive calcification (Figure 2.6) 
after a period of about 36 hours (Drew, 1983; Macintyre and Reid, 1995). Halimeda sp. 
can be characterized by a macroscopic, segmented calcareous thallus, in which the plants 
are coenocytic (multinucleate cells) and are important producers of calcareous sediment 
when present in coral reef zones (Drew and Abel, 1988).  
Figure 2.5 A Halimeda macrophysa colony on Kandahalagalaa Reef. 
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Thorough analysis of the growth and development of Halimeda sp. has developed since 
the 1960s (Maxwell, 1968; Drew, 1983; Freile, et al., 1995), with the significance of 
constituent composition and skeletal breakdown analysed by Swinchatt (1965). This 
vegetation, as identified by Drew (1983) can be well developed and highly productive on 
coral reefs where other species form sand-dwelling communities. The algae have 
widespread distribution and usually attain a high coverage, with individual segmented 
thalli growth, and segments capable of containing high percentages of calcium carbonate 
(Drew, 1983; Macintyre and Reid, 1995; Carneiso, et al., 2018).  Growth of new 
segments on tips of already established plants are developed at about a rate of one new 
segment at four to five-day intervals (Drew, 1983).    
The calcification of Halimeda segments follows a distinct pattern in which in the 
development of new segments branch and the outer zones from the central longitudinal 
filaments form swollen peripherical utricles. The precipitation of short aragonitic crystals 
is initiated and close off direct contact with seawater creating interutricular spaces (IUS) 
which then recrystalised to smaller anhedral crystals (<1 µm) (Multer, 1988). This then 
forms a dense, micro-anhedral carbonate (MAC) which leads to a partial primary 
cementation of segments, occurring within 48 hours of initial growth (Macintyre and 
Reid, 1995). As the individual segment ages, the process continues as the IUS between 
the utricles become increasingly filled with MAC. As a result of this, segments external 
and internal microstructure is altered within the segment due to physical and geochemical 




The structure and chemistry of carbonate deposits in Halimeda species has been 
described in many papers (Swinchatt, 1965; Maxwell, 1968; Borowitzka and Larkum, 
1976; Drew, 1983; Macintyre and Reid, 1995; Price, et al., 2011; Wizemann and Meyer, 
2014; Wizemann, et al., 2015; Carneiso, et al., 2018). In Halimeda, calcification is 
thought to be regulated by the morphology of the algae, as tissue does not have a 
regulatory influence except through the uptake of CO2 by photosynthesis (Borowitzka 
and Larkum, 1976; De Beer and Larkum, 2001). De Beer and Larkum (2001) proposed 
that calcium uptake at the tissue layer was directly influenced by photosynthesis, they 
concluded that there was a possible active regulatory mechanism for changing the pH 
regulation within coral tissue. From this it was identified that calcification occurs in the 
spaces which have a connection between the cell walls and seawater and is largely 
determined by local pH (De Beer and Larkum, 2001; Campbell, et al., 2014; Wizemann 
and Meyer, 2014). 
2.5.2 Post-mortem Halimeda 
Next to corals and foraminifera, the Halimeda genus has been identified as a prominent 
primary carbonate sediment-producing organism in coral reef environments post-mortem 
Figure 2.6 A progressive development depiction of a singular H. opuntia plant over 41 
days at Davies Reef drawn from an actual specimen. Filled segments show those present 




contributing to landform development, and as a source of food and habitat for many reef 
dwellers (Vergruggen, et al., 2005; Wizemann, et al., 2015; Morgan and Kench, 2016; 
Peach, et al., 2017). With a CaCO3 content of up to 97 % of the dry weight of a plant, 
Halimeda are the most heavily calcified non-crustose marine algae with sediment 
production an important ecosystem function (Nelson, 2009; Castro-Sanguino, et al., 
2020). These sediment production ‘factories’ are a clear transport path from source to 
sink and are essential for the ongoing sustainability of islands (McLean and Kench, 
2015).  
Halimeda sp. play a critical role in reef development through the distribution of post-
mortem aragonitic segments (plates and flakes), and disintegrated needle shaped clays 
across reef environments, ranging from the shore over the reef flat, and across the 
shallow-water inward reefs, all the way out to the high energetic reef crest, the fore reef, 
and reef slope (Hoskin, 1963; Wiman and McKendree, 1975; Macintyre and Reid, 1995; 
Kench, et al., 2005; Ries, 2009; Wizemann, et al., 2015; Morgan and Kench, 2016; 
Castro-Sanguino, et al., 2020). Although playing a similar ecological role to reef building 
coral and coralline red algae the macroalgae has been neglected in past studies of reef 
and island building (Chapman and Mawson, 1906; Hallock, 1981; Kinsey, 1985; 
Chrisholm, 2000; Bessat and Buigues, 2001; Price, et al., 2011). This is likely due to 
difficulties in tracking potential carbonate losses throughout the life cycle in field studies 
(Gischler, 2006; Castro-Sanguino, et al., 2020).  
As a contributor to the local sediment budget, Halimeda sediment production appears to 
be dependent on local abundances of the living algae (Mankiewicz, 1988), and such rapid 
rate of sediment production can be attributed to the large size and rapid turnover rate due 
to generally short lifespans (Bugues and Szmant, 2006; Ries, 2009). Drew (1983) 
estimate segment accretion to occur at an estimated 0.6% d-1. Halimeda sp. segments 
when released into the surrounding environment post-mortem reportedly can contribute 
significant amounts of CaCO3 to the surrounding reef due to fast segment growth and 
rapid turnover rate (Price, et al., 2011; Perry, et al., 2016). Extensive Halimeda meadows 
have the potential to contribute to bioherms, large mounds of fossilized calcareous algae, 
which can potentially contribute more to the carbonate budget in tropical systems than 
corals (Price, et al., 2011; Mayakun and Prathep, 2019). Plants first disarticulate into 
individual segments of typically 2-8 mm diameter, with each segment composed of a thin 
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calcareous rind and an organic-rich interior (Scoffin, 1992). Once the integral margins of 
a segment are removed segments will continue to break down through time into 
individual needle shaped aragonitic crystallites (Scoffin, 1992).  
However, with a reportedly fast post-mortem breakdown rate to silt and clay sized 
sediments there are questions about the total measurable contribution to the sediment 
budget (Moberly, 1968; Perry, et al., 2016). These rates of addition are used as a measure 
of growth, and in dense quantities are capable of producing carbonate sediments at high 
rates. Under the assumption that calcareous organisms have a density of 1 g/cm3 the 
potential production of Halimeda can vary in some cases in excess of in some cases in 
excess of 2 kilograms of CaCO3 m
-2 year-1, with a reported up to 104 g CaCO3 per m
-2 
year-1 (Chave, et al., 1972), and globally Halimeda is capable of accumulating 
approximately 0.15 Gt CaCO3 year 
-1 from bioherms alone (Figure 2.3) (Drew, 1983; 
Milliman, 1993; Perry, et al., 2016; Mayakun and Prathep, 2019). 
Mechanisms for post-mortem Halimeda skeletal breakdown to smaller particles have 
been identified as either through the mechanical effects of abrasion and breakage caused 
by water turbulence and current and wave action, or through the biological effects of 
scavengers, sediment ingesters, and boring organisms (Swinchatt, 1965). Understanding 
rates of breakdown and transportation aids in predicting species level sedimentary 
contributions to associated landforms. The overall connection between production and 
deposition zones is influenced by the transportability of the material, the distance 
available for travel and the available energy to move material (McKoy, et al., 2010). 
Perry et al (2016) proposed that there is a need to understand ecological and 
environmental changes which directly affect Halimeda plant abundances, as not only is 
there a need for understanding the types and rates of sedimentation from different 
Halimeda species, but also the means for a non-destructive methodology for measuring 
rates of sedimentation. This type of approach will allow production rates to be estimated 
from census data across reefs and between Halimeda species, as skeletal type can greatly 
determine the final sediment production and shape of coral associated species (Hoskin, 
et al., 1983; Perry, et al., 2016). 
For Halimeda there is link between plant abundance, species, and sediment generation in 
the immediate area (Perry, et al., 2016). A large percentage of sedimentary carbonate 
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produced by Halimeda (~75-90%) is also likely, due to hydraulic properties, to be 
transported by incident wave energy and broken down by wave swash and backwash 
processes or broken down largely in-situ and then flushed off-reef leaving uncertainty 
surrounding accurate measurements of total sediment production and contribution 
(Moberly, 1968; Johns and Moore, 1988; Freile, et al., 1995; Perry, et al., 2016). Previous 
studies on post-mortem Halimeda segments have shown a large variation in durability 
and time to destruction of segments. These studies have used see-saw rocking plates and 
tumbling barrels due to the inability to perform in-field studies (Table 2.1) (Moberly, 
1968; Kotler, et al., 1992; Ford and Kench, 2012; Perry, et al., 2016). 
 
Table 2.1 Studies analysing Halimeda abrasion and breakdown in laboratory settings, 
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Knowledge of the products from sedimentary breakdown of Halimeda is poor and was 
originally derived from a singular study on the same species (H. incrassata) with the data 
used to represent the genera as a whole (Perry, et al., 2016). However, due to the 
relevance of Halimeda to the overall sediment budget of reefs there is a recognised 
knowledge gap for the ongoing ecological and environmental changes which may 
increase living Halimeda abundances (Perry, et al., 2016). Until recently, the species-to-
species types of Halimeda segments and their post-humous microstructural alteration 
have garnered little to no attention when sedimentary transport mechanisms on the reef 
flat have been reconstructed (Wizemann, et al., 2015). Specific information is needed for 
individual species from the Halimeda genus as species such as H. macrophysa and H. 
micronesica have presented different breakdown rates from one another (Perry, et al., 
2016). 
The process of secondary cementation of post-mortem Halimeda segments is relatively 
under-researched (Alexandersson and Milliman, 1981; Milliman, et al., 2012; 
Wizemann, et al., 2014; Wizemann, et al., 2015), particularly once segments are released 
into the reef system and the likelihood of this process affecting the breakdown of 
Halimeda. This process of rapid secondary cementation may be a cause of freshly 
dropped Halimeda segments being capable to exist as complete plates in surface 
sediments for long periods of time within a reef due to a high preservation potential 
(Wizemann, et al., 2015). Alexandersson and Milliman (1981) identified that the 
intragranular calcite cement found within Halimeda changes the fossilization potential 
of plates and although intragranular cementation is assumed to be relatively rapid, there 
is little known about the actual time required for minerology change (Milliman, et al., 
2012). 
 
2.6 Physical abrasion of particulates 
Physical abrasion has been shown to be one of the most important processes which leads 
to the destruction of sediment in the marine environment and subsequent losses from 
sediment budgets (Chave, 1960; Driscoll, 1967; Mitchell-Tapping, 1981; Kotler, et al., 
1992; Perry, 2000; Ford and Kench, 2012; Arabnia and Sklar, 2016). “Abrasion” is 
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defined as the rubbing and impact of pebble against pebble, a process which is 
responsible for the reduction in size of sedimentary particles, and is also capable of 
affecting shape, size, and roundness (Krumbein, 1941; Chave, 1960; Bertoni, et al., 
2016). Multiple experiments have been performed on the artificial abrasion of rock and 
shell fragments, and the subsequent geological literature on tumbling barrel experiments 
is well represented and has been the main experimental approach (Wentworth, 1919; 
Schoklitsch, 1933; Chave, 1964; Moberly, 1968; Force, 1969; Schumm and Stevens, 
1973; Hoskin, et al., 1983; Schneider, et al., 2011; Ford and Kench, 2012; Šolc, et al., 
2012; Gorzelak and Salamon, 2013; Domokos, et al., 2014; Chen and Stephenson, 2015; 
Bertoni, et al., 2016).  
Early work on abrasion by Wentworth (1919) emphasised that several factors (Table 2.2) 
can cause change to the size, shape, and surface texture of constituents during abrasion 
experiments (Smith and Nelson, 2003). Factors such as the violence of motion, the 
hardness of the particle and the kind of motion used are all important. Initially, laboratory 
studies were preferred when measuring abrasion, as heavy loads of sediment and variants 
of water were loaded into steel drums, wood lined metal drums, and moulded rubber 
barrels which varied from being circular to multi-faced which were designed to create a 
more vigorous movement of charges (Wentworth, 1919; Chave, 1960; Ford and Kench, 
2012; Bertoni, et al., 2016). These were adopted in order to define the main factors which 
accounted for pebble abrasion, and later laboratory tests and field experiments focused 
on the interactions between indigenous beach material and interacting forces such as site-
specific weather and wave conditions (Force, 1969; Bertoni, et al., 2016).  
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Table 2.2 Factors influencing rates of changes to the size, shape and surface texture 
occurring during abrasion adapted from Wentworth (1919). 
 
The geological interpretations and applications from abrasion studies are however 
complicated, due to there being two very distinct effects in the natural transportation of 
sediments. The first is the actual wear and breakage of a particle en-route, and the second 
is the selective transportation (Krumbein, 1941). Abrasion and selective transport may 
be separated in the laboratory, and with each one it can be studied independently through 
experimentation (Krumbein, 1941).  
2.6.1 Tumbling barrel experiments 
Studies of simulated mechanical breakdown and abrasion have historically been 
performed using tumbling barrel apparatus including a sealed drum lined containing 
various materials placed on drivers to simulate rolling action which rotate a charge of 
clasts in water (Table 2.3) (Lewin and Brewer, 2002). Tumbler experiments and the state 
of knowledge surrounding them are known to have shown an apparently simple problem 
of understanding constituent breakdown to be full of complications, which are still 
incompletely understood (Schumm and Stevens, 1973). Studies on material such as 
cobble rounding by Schumm and Stevens (1973) to coral branches by Ford and Kench 
(2012) have used different methods of tumbling barrels to imitate distance travelled 
through swash zones against natural abrasive materials to estimate breakdown through 
travel, and combat the difficulty presented when tracking particles in real time 
downstream. Tumbling barrels use a replicable methodology and have shown to produce 
Size Shape Surface Texture 
Type of rock (elasticity, 
hardness) 
Type of rock (elasticity, 
hardness) 
Type of rock (elasticity, 
hardness) 
Violence of Motion Violence of Motion Violence of Motion 
Size of cobble Size of cobble Size of cobble 
Size of associated cobbles Size of associated cobbles Size of associated cobbles 
Number of associated cobbles Kind of Motion Kind of Motion 
Angularity Distance travelled  
33 
 
repeatable and reliable results making them a preferred method for constituent abrasion 
analysis (Hoskin, et al., 1983; Ford and Kench, 2012). 
The relative importance of abrasion in achieving changes in the character is sediments 
has proven to be a topic of long-term interest and controversy in sedimentology (Lewin 
and Brewer, 2002). Tumbling barrels have been used for about 120 years, with varying 
size and rotation speeds used within the laboratory to produce clast abrasion (Table 2.3) 
(Lewin and Brewer, 2002). Most barrels have been made of metal, and either left unlined 
or have been lined with wood, in an effort to reduce particles-to-barrel impact 
effectiveness (Lewin and Brewer, 2002). Calcium carbonate abrasion of small reef 
dwelling organisms presents a different issue to pebble and rock abrasion due to the small 
nature of constituents and highly variable environments they present in. Due to this the 
abrasion and resistance of carbonate grains is presently limited to laboratory simulation. 




Table 2.3 Experimental tumbling barrel specifications adapted from Lewin and Brewer 
(2002) including publications with multiple variations of tumbling barrel apparatus and 
the date of publication. 
 
  
Author Date of publication Rotational speed 
(RPM) 
Barrel lining 
Daubrée 1879 No data Iron 
Wentworth 1919 27 Wood 
Marshall 1927 38 Iron 
Düll 1930 6 Iron 
Cozzens 1931 19 Wood 
Wentworth 1931 19 Wood 
Schoklitsch 1933 No data Concrete 
Thiel 1940 25 Steel 
Krumbein 1941 21 Wood 
Rayleigh 1943 40 Metal 
Alling 1944 150 Glass 
Potter 1955 21 Wood 
Adams 1978 86 Tin plate 
Bigelow 1982 60 Soft Rubber 
Sunamura et al 1985 13 Steel 
Kodama 1992 25 Rubber with vanes 
Jones and Humphrey 1997 6.7 Plastic with vanes 
Lewin and Brewer 2002 54 Resin 
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Particle abrasion under simulated river or high energy beach environments have 
historically been performed (Chave, 1964; Schumm and Stevens, 1973; Kazi and Al-
Mansour, 1980; Kodama, 1994; Latham, et al., 1998; Lewin and Brewer, 2002; Newell, 
et al., 2007), with abrasion literature expanding to include studies conducted using coral 
and tropical reef segments. This allows an understanding of coral reef associated 
sediment abrasion into the fine sedimentary particles typically available for tropical 
island and beach building, and the likelihood that such post-mortem coral fragments will 
remain on a reef and therefore within the local budget (Moberly, 1968; Mitchell-Tapping, 
1981; Hoskin, et al., 1983; Kotler, et al., 1992; Ford and Kench, 2012; Morgan and 
Kench, 2016).  
The interpretation of tumbling barrel results with reference to reef-flat processes is 
particularly difficult and still shows complications of environmental variables such as the 
potential for burial and the influence of hydrodynamic forces to entrain and transport 
material remaining consistent. Constituents which resist physical destruction for a period 
greater than that required to be transported can become dispersed across the reef and 
within the area of production in a greater capacity than constituents more susceptible to 
physical destruction over the time required to be transported and will be more likely to 
be seen in the sediment reservoir.  
The beach surf zone is the most abrasive of environments, due to deep currents being 
both slower and less oscillatory allowing for extended exposure to abrasion. The time of 
exposure to surf zone dynamics for a constituent can be a better predictor of the abrasion 
signature, than either distance travelled or total time in transit (Smith and Nelson, 2003). 
Chave (1960) found that there was a relatively clear general character and wave 
turbulence on the reef can fragment large coral heads from the reef frame, and smaller 
fragments present here can also be reduced in size through cracking and chipping 
produced by knocking together under storm conditions. Under controlled reef simulated 
conditions such as within a tumbling barrel, a comparison can be easily expressed 
between different skeletal reef sediments and their durability.  
Chave (1964) performed tumbling experiments and found major differences in resistance 
to breakage and abrasion among different marine taxa, calcifying algae were among the 
least durable of these tested (Figure 2.7). These experiments conducted to assess the 
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durability of carbonate sediments used a tumbling barrel set at 30 RPM and tap water 
adjusted to a pH of 8 to analyse the abrasion through time of various reef species, 
including bryozoa, calcareous algae, and various corals. Chave (1960) observed that sand 
abraded constituents more slowly than pebbles, but provided the same observed 
differences, and in the case of self-abrasion the rate of breakdown was affected by related 
shell size as smaller shells were less effective at abrasive action (Driscoll, 1967). After a 
total of 100 hours this study found that the production of fines (sediment) was achieved 
through whole shells and coarse fragments without the production of intermediate sizes 
when analysed incrementally (Chave, 1960). 
For abrasion of shell and carbonate material, after initial mechanical erosion which can 
form the size and shape of the grains produced, the next stage of mechanical breakdown 
is largely due to the microarchitecture of the skeletal part (Sorby, 1879). The skeletal 
architecture is a critical parameter, coupled with the extrinsic physical and biological 
factors in determining the extend of degradation (Scoffin, 1992; Broadhead and Driese, 
1994). Fine sediments occur from the mainly sheath type and from abrasion of the other 
Figure 2.7 Durability of carbonate skeletons as measured by Chave (1960). Overall 
results involving chert pebbles as the abrasive material. 
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various types (Table 2.4), sand; sized sediments occur from segments and chambers, and 
coarse sediment is produced from branches, chambers, and massive groups (Scoffin, 
1992). The Sorby Principle was the first of its kind to indicate the relationship between 
the breakdown of carbonate skeletons and their microstructure. The physical abrasion of 
carbonate grains can generally be considered as an indicator for sediment transport, and 
therefore the particular stage of abrasion can be related to the time period and intensity 
of abrasion during sediment transport, deducted from the current regime related to the 
seabed, or the substrate roughness (Wizemann, et al., 2015).  
Table 2.4 A constructed sequence of resistance to breakdown for various skeletal types 
from Scoffin (1992). 




Spicules Sponges, alcyonarians, holothurians, ascidians 
Sheaths Panicillus, Udotea, Rhipocephalus 
Segments Halimeda, echinoid spines, articulated red algae 
Branches Red algae, corals, erect bryozoans 
Chambers Gastropods, bivalves, foraminiferans, echinoid 
tests, serpulid worms 
Crusts Crustose red algae, corals, foraminiferans, 
Millepora 
Massive Corals, molluscs 
 
While these artificial abrasion regimes (Table 2.3) can outline the relative resistance to 
travel, they present to be very different to natural settings and cannot be translated into 
real rates, assumptions must be made using the equivalent time in the surf zone to 
calculate a carbonate percentage lost (Smith and Nelson, 2003). Criticisms have been 
made regarding the validity of tumbling barrel simulations and whether they can be used 
effectively to not only estimate breakdown rates, but to distinguish accurate distances 
travelled by particles through environments due to a lack of three-dimensional travel 
(Wentworth, 1919; Moberly, 1968; Lewin and Brewer, 2002; Ford and Kench, 2012).  
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More recently, tumbling barrel experiments have used native fill materials found in field 
settings to estimate real case scenarios of abrasive environments (Bertoni, et al., 2016). 
Experimental studies, using physical or chemical abrasion have shown to be of little value 
unless they have been applied to actual field conditions (Wentworth, 1919). The use of 
abrasives which have an exaggerated size and aggressive abrasion rates, such as higher 
Mohs hardness scale, can affect the type and rate at which abrasion is occurring at. While 
there are important consequences of the abrasion process to be understood, there are few 
quantitative experiments and even fewer theoretical predictions (Domokos, et al., 2014) 
2.6.2 Abrasion of Halimeda 
On Halimeda platelets physical abrasion initially causes a loss of the small peripheral 
primary utricles and the primary IUS which form the porous surface of the Halimeda 
segment microstructure (Wizemann, et al., 2015). The gentle, rolling movement 
Halimeda is likely to undergo across the seabed and the high energy wave action on the 
shore, are responsible for the distinct segment shape (Scoffin, 1992; Wizemann, et al., 
2015). Wentworth et al (2015), and Scoffin (1992) both identified that physical abrasion 
does not act equally across the whole Halimeda segment and the exterior thinner, more 
elongated parts were observed to undergo greater abrasion (chipping and flaking) than 
thicker central parts. Once the integral margin of a Halimeda platelet is broken down, 
and the organic matrix has decayed, segments will rapidly breakdown into the individual 
needle-shaped aragonitic crystallites of a few microns lengths which is only identifiable 
through scanning electron microscopy (Figure 2.8) (Scoffin, 1992; Wizemann, et al., 
2015). 
Wizemann et al. (2015) suggest that the smaller, and heavily calcified segments of 
Halimeda (such as Halimeda opuntia and H. micronesica <1 cm diameter) 
predominantly become preserved as complete segments and are less likely to undergo 
fragmentation to needle size grains. While in contrast, larger segments of many other 
Halimeda species (>2 cm diameter) such as H. macrophysa, are relatively buoyant which 
can slow abrasion.  
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The process of abrasion and secondary cementation which alter biogenic carbonate grains 
have as a result led to the preservation of Halimeda segments in the sediment which are 
important for providing a sediment supply for coral reef environments, and particularly 
for shoreline development and reef island formation (Wizemann, et al., 2015). This is 
important to consider for various Halimeda species as segments of differing size when 
sampled together may likely show a faster abrasion rate than if individual species were 
considered in the process (Wizemann, et al., 2015). With secondary cementation 
occurring only in dead segments where the organics have disintegrated, this is important 
successive step of internal cementation which may include the precipitation of other 
CaCO3 polymorphs, such as Mg-calcite (Alexandersson and Milliman, 1981; Wizemann, 
et al., 2015).  
Halimeda durability is presently assumed to be low (Moberly, 1968; Ford and Kench, 
2012). Ford and Kench (2012) performed the most recent abrasion study on Halimeda 
with results concluding Halimeda was rapidly abraded within 20 hours and followed a 
steep decay curve with 24.5 % breakdown of the initial sample weight (0.61 g) within 
one hour (Figure 2.9). This experiment, while using an industry standard tumbling barrel 
which allows for reproducible experiments, relied on industry standard abrasives which 
produced the rapidly available fine aragonite crystals stored within the crystalline 
structure of individual plates (Ford and Kench, 2012). Compared to other studies, this 
Figure 2.8 A schematic diagram illustrating the dominant size fractions of grains 
produced by the mechanical breakdown of Halimeda compared to coral skeletons 
(Scoffin, 1992).  
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breakdown of 24.5 % in the first hour is 240 times greater than the breakdown reported 
by Kotler, et al., (1992) who reported a 0 % breakdown after 1000 hours, and an estimated 
76 % breakdown to silt and clay sized sediments by Perry, et al., (2016) after three days.   
Kotler, et al., (1992) analysed the types of taphonomic breakdown occurring on 
Halimeda platelets which displayed varying susceptibilities to abrasion, which tended to 
increase through time. This study was conducted without abrasive material and relied 
exclusively on the abrasion of Halimeda grains against each other (Kotler, et al., 1992). 
Shallow test surface degradation, as an “other” type of abrasion was prominent on 
Halimeda, along with shallow and deep pitting.  This study found there was no consistent 
relationship between the percentage of area affected by taphonomic features of abrasion, 
and the complete loss of tests during experiments. Halimeda underwent high (between 
60 – 80 %) surface abrasion between 250 and 1000 hours of abrasion but persisted in the 
abrasion environment in an easily recognisable form for the duration of the experiments 
(Figure 2.10) (Kotler, et al., 1992). The use of a shaking table at 150 RPM in this study 
produced a significantly smaller distance travelled with only 212 ± 14 km after 500 hours. 
These rates of breakdown present conflicting numbers leaving questions about the actual 
time to destruction for post-mortem Halimeda.  
  
Figure 2.9 Weight reduction of experimental materials analysed by Ford and Kench 




2.7 Taphonomic and sedimentary studies on coral reefs 
Taphonomy, as a sub-discipline of Palaeontology traces the pathways of skeletal remains 
from death through to post-mortem alteration by chemical, biological and physical 
processes to an end condition (Scoffin, 1992; Smith and Nelson, 2003). Coral reef 
sediments are composed of the skeletal remains of reef framework and reef dwellers, and 
are comprised of differing organisms including coral, molluscs, calcareous algae, and 
foraminifera. The reality of carbonate sediment production comes from a mix of material 
which is sourced from multiple spatial ones, which are produced across many temporal 
scales (Kosnik, et al., 2009). 
Figure 2.10 Halimeda abrasion through time analysed through shaking table abrasion 
experiment as analysed by Kotler, et al., (1992) (scale = 1 mm). note: 1) 0 hours 2) 
surface of specimen has been coarsened by the removal of outermost layers of 
crystallites, 3) after 500 hours appearance remains similar to 250 hours, 4) after 1000 
hours specimen surface has been polished by removal of outer layer of crystallites, but 




Coral reefs present difficult in taphonomic studies due to the diverse nature of the 
environment, containing an array of species and producers, such as sessile, colonial, and 
vagile organisms, suspension and deposit feeders, burrowers and borers and predators 
and prey which all exist in close physical space, and all of which follow their own 
taphonomic pathways while remaining interrelated (Scoffin, 1992). There is also a 
difference in the burial and preservation of reef sediment, whether it is deposited as in 
terrigenous (extraneous) or carbonate (indigenous) environment, this is driven by 
differing hydraulic behaviours (Scoffin, 1992). Where sedimentation rates are high, such 
as with tropical carbonates, the resulting skeletal material will be buried rapidly and thus 
escape a prolonged exposure to potential sea-floor processes (Smith and Nelson, 2003).  
A sedimentological approach considers the total deposit of material present, with 
descriptive accounts of sediments and the distribution of sedimentary facies incorporated 
into studies surrounding reef complexes (Ford and Kench, 2012; Jones, 2012). Within 
reef settings, a key debate exists surrounding coral reef dwellers and their contribution to 
sediment production, whether this can be measured and if there is a measurable content 
within islands, lagoons, and reef habitats (Mankiewicz, 1988; Perry, et al., 2015b). Coral 
reefs had for these reasons been relatively left out of early sedimentary literature, as reefs 
presented as too complex of the process from life through to death and burial (Scoffin, 
1992). By presently identifying reef dwelling populations at a species level this can 
further understandings of sediment inputs due to different residence times in reef lagoon 
settings (Perry, et al., 2016).  
Currently, few people are investigating the processes of sedimentation surrounding reef 
environments due to inherent practical difficulties performing field tests (Orme, 2012). 
A healthy reef can be coupled with a productive island which is more capable of 
responding to environmental change (McKoy, et al., 2010). Reef ecology is equally 
important to consider when identifying influencers of the sediment production regime, 
such as the rate, size, and composition of the sediment being produced, as this can then 
affect the volume and characteristics of island sediment supplies (Perry, et al., 2011). 
There is however a lack of understanding between how islands and their surrounding 
sediment production zones interact, combined field census data and sedimentary data can 
be used to quantify the dominant sediment-generating species and processes within the 
reef-lagoon habitat (Perry, et al., 2015a). Analysis of datasets which arise from a census-
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based approach to budget studies can provide an opportunity to quantifying what the 
important ecological components are which influence the reef carbonate production rates 
at individual reef sites (Perry, et al., 2012). This can raise the opportunity for studies 
using census-based approaches for monitoring temporal changes in the biologically 
driven carbonate production as environmental conditions continue to change and to 
model the different scenarios of ecological change (Perry, et al., 2012), but also for 
understanding the resilience of reef carbonate production. Little is known on whether 
processes which were responsible for island formation continue to be influencers of 
contemporary island morphological behaviour. 
Little work has been accomplished in assessing the surface information loss due to 
destruction of reef constituents through taphonomic processes operating on benthic 
foraminifera (Shroba, 1992). The specific information of taphonomic losses occurring on 
reef constituents, particularly Halimeda, are beginning to emerge within literature, and 
although abrasion has been commonly mentioned as a mechanism of test destruction few 
studies have tested the effectiveness of abrasion as a destructive agent and identified the 
destruction occurring through time (Cottey and Hallock, 1998; Peebles and Lewis, 1991; 
Kotler, at al., 192; Shroba, 1993). Taphonomic models have been developed and suggest 
that taphonomic processes occurring are likely to be time-dependant (Kidwell, 1986; 
Powell, 1992). From this, experimental approaches are necessary to understand how 
taphonomic rates change with time (Powell, et al., 2002).  
Two mechanisms have been recognized as effective in governing the reduction of 
calcareous sediment into smaller particles: (1) the mechanical effects of abrasion and 
breakage cause from water turbulence and wave and current action, and (2) the biological 
effects of scavengers, sediment ingestors and boring organisms (Swinchatt, 1965; 
Scoffin, 1992). Platy, or elongate grains are likely to undergo rounding and polishing 
most extensively on the edges as the centre of the grain is better preserved, however the 
nature of highly abraded skeletal fragments is often found to be difficult to determine 
(Smith and Nelson, 2003).  The conversion of organism to sediment is non-continuous, 
and acts as a function of an individual’s individual skeletal architecture, known as the 
Sorby Principle, this results in characteristic grain size distributions which are associated 
with different sediment producers (Morgan and Kench, 2016).  
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The resistance of organism’s skeletal material to breakdown depends primarily on 
bioerosion and then on the mineralogical composition, the wall thickness, density, 
microarchitectural grain size and pattern (Mitchell-Tapping, 1981). Sediment grain 
durability will determine the length of time in which a sedimentary particle remains intact 
and recognizable, the more fragile sedimentary particles are the more likely they are to 
be destroyed during mixing, through erosion, fragmentation, and/or dissolution (Kosnik, 
et al., 2009). Taxa which have different taphonomic characteristics are more likely to 
withstand different degrees of damage before they are unidentifiable, and because of this, 
they record different amounts of time-averaging event within the same sedimentary 
deposit (Kosnik, et al., 2009).  
Most studies of CaCO3 production from Halimeda are presently based on indirect data 
derived from sedimentological studies of carbonate build up with the importance of this 
species on sediment dynamics largely inferred (Hine, et al., 1988; Johns and Moore, 
1988). However more estimates are emerging of Halimeda rates of sedimentation with 
approaches commonly applying Alizarin Red-S dye or tagging between segments on 
branches to track daily segment growth. Rates of individual Halimeda species 
contributions to the overall sediment budget have been reported on by Chave, et al., 
(1972) estimating a potential production for all Halimeda species of 104 g CaCO3 m
-2 
year-1, Wefer (1980) estimating 50 g CaCO3 m
-2 year-1 for H. incrassata, Multer (1988) 
reports between 114.31 and 60.74 g CaCO3 m
-2 year-1 for H. incrassata and H. monile 
combined,  and up to 100.86 g CaCO3 m
-2 year-1 for H. tuna from Vroom, et al., (2003). 
Coupled with that, investigations of sediment transport across reefs are well studied 
(Storlazzi, et al., 2009; Ouillon, et al., 2010; Dawson, et al., 2014; Pomeroy, et al., 2015; 
Morgan and Kench, 2016) and can make inferences about losses and sediment export off 
reef. However, a key link between these factors is the time taken to breakdown to the 
easily transportable fine sediments which are seen exporting off reef and being 
incorporated into island reservoirs (Dawson, et al., 2014).  
The Sorby principle defines that some inherent structural property of skeletons will 
influence resulting fragment size in breakdown, this can be extended to include the 
fragment shape and perhaps the specific breakdown rate (Sorby, 1879; Smith and Nelson, 
2003). The broken pieces of small skeletons will begin to act as single sediment grains 
and become susceptible to attrition and abrasion, it is important to note that movement 
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through water alone is not particularly abrasive, but requires bouncing off of solid 
particles, particularly hard siliciclastic grains which can cause considerable damage 
(Smith and Nelson, 2003). However, when applying to Halimeda segment breakdown it 
was proposed that it was partly a function of the sorting potential of a given environment 
instead of an internal structural characteristic (Mitchell-Tapping, 1981).  
Sediment supply has been identified as playing a major role in the influencing of island 
erosion and accretion on reef islands as recent studies from the Maldives have shown that 
the sediment generating process is active and capable of contributing to island building 
(Aslam and Kench, 2017; Perry, et al., 2012; Perry, et al., 2015a). On the geologic 
timescale there has been studies identifying the chronology of island formation, with a 
focus on accumulation and persistence on reef surfaces (Ford and Kench, 2014). There 
had been few studies on lagoonal sediments of Indian Ocean atolls as early studies 
primarily examined sediments from larger and deeper Pacific atolls (Smithers, 1994). 
There is a noted geographic gap in studies which explore the island dynamics in the 
central Indian Ocean, and which present new insights into island behaviour and the 
drivers of island change that have societal relevance for low-lying reef island nations 
(Aslam and Kench, 2017). By understanding and making estimations of the relative 
durability of post-mortem individual reef dwellers the significance of species such as 




Studies of Halimeda breakdown have been attempted using a variety of tumbling barrel 
and shaking table approaches (Section 2.6.2) but have shown to be incomplete when 
accounting for the source environments Halimeda is taken from (Table 2.1). These rates 
of breakdown are an important link in understanding the accumulation rates for sediment 
for potential island building. The longer post-mortem reef constituents such as Halimeda 
remain in the productive zone due to their durability against abrasion affects the rates of 
accumulation as reef islands are composed of predominantly medium to fine sediments 
(Perry, et al., 2011; Dawson, et al., 2014; Morgan and Kench, 2016).  This key gap in 
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literature will drive the key research objective of analysing the simulated abrasion rate of 
disarticulated Halimeda segments from a post-mortem state under a simulated swash 
environment. To do this the relative durability of segment taphonomy under travel will 





Chapter 3 – Field site and methodology 
3.1 Introduction 
The purpose of this chapter is to first, introduce the physical setting of Kandahalagalaa 
reef platform and island, located within Huvadhu atoll, Maldives (Figure 3.1). Here the 
regional scale geography is described, followed by an examination of the regional 
process regime, and outline of the oceanographic and ecological settings, before the 
Kandahalagalaa reef platform and island are contextualised.  
The methodology employed in this study is then described in this chapter in relation to 
the research objectives presented in Section 1.2. Over a period of 14 days from January 
to February 2019, data was collected from Kandahalagalaa, firstly to identify the 
distribution of living Halimeda species present across the reef platform and crest quadrat-
based surveys were performed of living Halimeda plants across the northern and southern 
sides of the platform. Secondly, 64 sediment samples were taken from eight directional 
lines extending across the entire reef platform to identify the current sedimentary 
components to identify the sedimentary components present across the reef platform and 
current beach face. Thirdly, to address the key research objective and assess the abrasion 
rate of disarticulated post-mortem Halimeda segments under simulated swash conditions 
and the types of taphonomic abrasion occurring, tumbling barrel experiments were 
performed using segments collected during the field study. The survey, sampling and 
laboratory techniques are later detailed with reference to earlier studies which employed 
similar research methods. To ensure consistency with the natural island conditions, this 
study adopts an adapted tumbling barrel approach from Ford and Kench (2012) to 
determine the durability of post-mortem calcifying Halimeda clasts present across the 




3.2 Regional scale  
The Maldives is a 750 km long Archipelago comprised of a double chain of 22 atolls 
which contain about 1200 reef islands together in the central Indian Ocean spanning from 
Ihavand-hippolhu Atoll in the north (6°57’ N) to Addu Atoll (0°34’ S) crossing into the 
Southern Hemisphere (Perry, et al., 2015a; Kench, et al., 2006; Aslam and Kench, 2017).  
The Maldives is situated on top of an almost 3 km thick deposit of carbonate sedimentary 
succession, which has accumulated on a lower Paleogene (60-50 MA) volcanic basement 
from terrigenous input (Betzler, et al., 2013). The highest point in the Maldives is an 
unnamed location in Addu Atoll rising to 2.4 m above sea level (Elliott, et al., 2003). The 
atolls form as discontinuous marginal rims on top of ancient carbonate sediment deposits 
which are interrupted by deep passages, allowing for sediment redistribution and 
subsequent establishment of patch reefs (Brander, et al., 2004; Betzler, et al., 2013). 
Containing the eighth largest coral reef system in the work, covering an approximate area 
of 4513 km2, the Maldivian islands are proven suitable sites for studying reef island 
sediment structures. The abundance of coral reefs is also attributed to the lack of tropical 
storms in this equatorial region, paired with warm waters, favourable for coral growth 
and species diversity (Crossland, et al., 1991). 
This study focused on Kandahalagalaa platform, located approximately 2.80 km from the 
inner southern-most section of Huvadhu atoll (0°32’ N, 73°17’ E). Huvadhu atoll is the 
largest atoll in the Maldives, spanning an area of 3279 km2, containing 241 reef systems, 
and 241 vegetated reef islands, with 41 islands located within the atoll interior as lagoonal 
patch reefs (Figure 3.1) (Aslam and Kench, 2017).  Huvadhu atoll has a number of coral 
knolls (calcareous based accumulations on previously ancient seafloor) both in the 
central deep lagoon as well in the lagoons of the mini-atolls (Bahuguna, et al., 2013). 
Maximum water depths range from between 70 to 90 m deep with deeper regions located 
in the central and south-eastern section of the lagoon which reaches depths of 90 m 





3.3 Regional Process Regime 
The Maldives has an equatorial climate that experiences relatively high humidity with 
average temperatures between 27° - 29°C year-round with fairly consistent annual 
daylight hours (~12 h d-1) (Elliott, et al., 2003; Yarlett, et al., 2018). Due to proximity to 
the equator the monsoon seasons are not as well defined as surrounding countries and are 
most defined in the northern part of the country (Elliott, et al., 2003; Ghina, 2003). The 
Maldives experiences two monsoon periods, a north-eastern monsoon from around April 
to November, and a southwestern monsoon from December to March, producing mean 
windspeeds of 5.1 m s-1 and 4.9 m s-1, respectively (Brander, et al., 2004). The monsoons 
are characterised by a north-easterly swell from the south, and significant wave heights 
of around 1.2 m from the southwest and between seasons wind is variable and relatively 
calm (Aslam and Kench, 2017; Yarlett, et al., 2018). Average annual precipitation 
increases towards the south with up to up to around 2500 mm recorded annually on Addu 
Atoll, just south of Huvadhu Atoll (Elliott, et al., 2003). 
Figure 3.1 Maps showing A. location of the Maldives within the Indian Ocean, B. the 
location of Huvadhu Atoll within the Maldives, and C. Kandahalagalaa platform 
(outlined) in relation to Huvadhu Atoll (Images from ESRI, 2020). 
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Sea level records from the past 130 years have shown an approximate 200 mm rise in 
mean sea level at the Maldives Male’ atoll central Maldives, and Addu atoll in the south 
recording an increase of 3.2 mm y-1 and 4.0 mm y-1 respectively, consistent with global 
rates and trends (Aslam and Kench, 2017). Sea Surface Temperature (SST) has increased 
at a rate of around 0.25°C per decade over the past three decades with SST peaks 
coinciding with known major bleaching episodes for the Maldives (Figure 3.2) (Morri, 
et al., 2017). Yearly variability in sea surface temperatures can vary up to 2°C annually 
(Yarlett, et al., 2018). In the Maldives, there was a significant recorded increase in 
temperature of 0.16°C per decade between 1950-2000 with current mean annual SST 
approximately 30°C (Ghina, 2003).  
3.3.1 Oceanographic setting 
Maldivian islands exist in a predominantly storm-free environment, where the process 
regime is identified by the strong seasonal reversals in monsoon winds from the west and 
northeast which can administer short-term, significant changes in island shorelines and 
geomorphology (Inaz, et al., 2004; Kench, et al., 2005; Woodroffe, 2008). The Maldives 
is characterised by a semidiurnal microtidal range, with a mean tidal range of 1.2 m 
during spring tides and 0.6 m during neap tides (Kench, et al., 2009). Due to the open 
location of the Maldives, the tidal regime is relatively small with strong diurnal 
inequalities, with each of daily high tides and low tides of different heights 
Figure 3.2 Multidecadal (from 1958-2015) record of yearly maximum, mean and 
minimum sea surface temperatures (SSTs) in the Maldives. Grey bars indicate known 
beaching episodes (Morri, et al., 2017). 
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(approximately 0.25 metre difference for springs and 0.1 metre difference for neaps) 
(Wadey, et al., 2017).  
The Maldives is influenced by both local and distant waves from all directions (Wadey, 
et al., 2017). Information on deep-water wave energetics is limited, but hindcast data 
from the south of Huvadhu atoll indicates a prevailing swell propagates from distant 
weather systems to the south in addition to the locally generated wind waves (Liang, et 
al., 2016). Swell propagates from the southeast from December to February, during the 
northeast monsoon, and is characterised by a significant wave height of approximately 
1.2 m, and a period of 8.5 seconds. During the westerly monsoon period from March to 
November, the swell propagates from the south and is characterised by a longer wave 
period (10.5 seconds) and a more significant wave height, above 1.5 m peaking at 1.95 m 
during July (Aslam and Kench, 2017).   
Wave energy flux for Huvadhu atoll is higher during the southwest monsoon, of 15.2 
kW/m, compared to the wave energy flux during the northeast monsoon which is 7.6 
kW/m. Due to being located close to the equator, Huvadhu atoll experiences minimal 
storm events which approach cyclone intensity, however, high wave events do impact 
the atoll as a consequence of tropical depressions and long period swell events which are 
generated by high latitude storm events (Aslam and Kench, 2017).  
The major process which is controlling the formation and stability of reef islands is wave 
action and the interaction with coral reef platforms (Brander, et al., 2004; Kench and 
Brander, 2006b). Waves which propagate onto reef surfaces and residual wave energy 
are able to entrain and transport reefal sediments, and the refraction of waves around 
reefs and diffraction of energy creates nodal zones which are favourable for sediment 
deposition, directly influencing reef island location and shape (Kench and Brander, 
2006b). Atoll interior reefs typically receive less swell-wave energy as it is effectively 
removed by the atoll rim reefs depending on their position on the atoll interior and the 
proximity to neighbouring reefs (Kench, et al., 2006; Liang, et al., 2016). Atoll rim reefs 
in the Maldives are cut by deep channels which can allow wave energy to enter into the 
lagoon interior, coupled with oceanic passages these currents are important drivers of 
atoll lagoon circulation (Kench, et al., 2006). Information on the deep-water waves 
affecting the Maldives is limited, however it is expected that the dominant swell 
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approaches from the southerly quarters based on wave climate data for the surrounding 
Indian Ocean region (Kench and Brander, 2006a).  
3.3.2 Ecological context 
Since the 1980s coral reefs have experienced an increasing number of environmental 
disturbances which have been linked to global climatic change (Pandolfi, 2002; Hoegh-
Guldberg, et al., 2007). Several mild to severe events have occurred in the Maldives since 
1998, with evidence shown for both local extinctions and unusual resistances (Muir, et 
al., 2017). Information on Maldivian reefs pre-1998 were scarce and prevent a hisorical 
ecological evaluation on the state of reef health, however key mass bleaching and 
disruption events have been recorded. Elevated sea surface temperatures in 1998 driven 
by El Nino climatic conditions caused the largest recorded bleaching episode on a 
worldwide scale, followed by the most severe mass coral mortality event leading to the 
physical and biological erosion of dead colonies (Goreau, et al., 2000; Lasagna, et al., 
2010; Morri, et al., 2015). 
The latest mass bleaching event in the Maldives occurred in May 2016 with severe 
bleaching of up to 83 % of the local Maldives coral cover in shallow waters (3-5 m) 
(Muir, et al., 2017). The event, describe as one of the largest global bleaching events, 
resulted in significant evological change such as a 157% average reduction in carbonate 
budgets across Huvadhu atoll, with an estimated drop in production rates of 0.4 kg CaCO3 
m-2 yr-1 compared to earlier in the year (Perry and Morgan, 2017b). Ecological 
disturbances are important when considering island sediment supply as typically a 
change in coral cover following a mass disturbance event will allow for an increased 
presence in macroalgae. These macroalgae, such as Halimeda, cover dead coral pieces 
and patches of exposed hard calcareous substrates, and in some cases will spread rapidly 
beyond these footholds to cover large areas of reef slope or other former coralline zones. 
Following the 2016 bleaching event Halimeda sp. abundance increased approximately 
fourfold across southern Maldivian reefs in absence of coral cover (Goreau, et al., 2000; 




3.4 Kandahalagalaa Reef platform 
The Kandahalagalaa platform reef and island complex were used as the focus for this 
study. This site was selected as few studies have used Kandahalagalaa as a field site, 
primarily looking at estimations of CaCO3 contributions (Perry, et al., 2016; Perry and 
Morgan, 2017a, 2017b; Turner, 2018; Yartlett, et al., 2018), and due to a pre-existing 
Halimeda presence this reef allowed for a reliable field site. Kandahalagalaa platform is 
situated within close proximity to the Small Island Research Station established on 
Fares-maathodaa making it an easily accessible reef to conduct research and sampling 
due to being currently uninhabited. 
The Kandahalagalaa reef platform is located approximately 2.8 km from the 
southwestern border of Huvadhu Atoll and has a mean annual SST of 29.2°C (Perry, et 
al., 2016). Two sections of atoll rim reef are located to the southeast and southwest of 
Kandahalagalaa, with no reef structures placed between Kandahalagalaa and the atoll 
exterior (Figure 3.1). Kandahalagalaa island measured 411 x 172 m based on satellite 
imagery. The associated reef platform also measured 971 m long, with the island located 
in the south-central section of its reef platform. Kandahalagalaa platform has an area of 
0.39 km2 that can be divided into five key geomorphic zones, based on definitions by 
Liang (2016) and Turner (2018) as well as  topographic, satellite and observation data 
(Figure 3.3). In areas of low storm frequency such as Huvadhu Atoll, small island 
landforms such as Kandahalagalaa are typically constructed of unconsolidated, reef 
derived sands (Perry, et al., 2011). Kandahalagalaa reef island (grey and yellow zones in 
Figure 3.3) occupies approximately 16% of the platform and the current state of the island 
is in decline as the atoll interior platform is eroding (Aslam and Kench, 2017).  
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The outer reef crest is characterised by the presence of coral reef rubble with large Porites 
corals present (Figure 3.4B). In addition to a small number of corals existing there are 
various genera of calcareous algae, and echinoderms living on and within the reef which 
all contribute fragments to the sediment of the outer reef. The reef zone extends a 
maximum of 141 m at its greatest point and encircles the entire platform lagoon (1-3 m 
depth) before descending abruptly to the inner lagoon with depths of up to 90 m (Perry, 
et al., 2016; Aslam and Kench, 2017). The south-west side of the island has shallower 
reefs which present as patch reefs extending further into a platform lagoon which extends 
from the toe of the beach to the inner margin of the reef framework (Figure 3.4). This 
zone (Figure 3.3 green zone) varies in length and depth and often contains coral rubble 
and patch reef.  Calcifying macroalgae Halimeda sp. visually grows in abundance across 
the reef crest and patch reef, often found inside reef framework and crevices 
inconspicuously.   
Kandahalagalaa island shows evidence of being influenced by the wind and wave regime, 
with the northern side of the island and reef platform presenting wider beaches and a 
greater reef platform. The beach zone varies due to a semi-diurnal tidal range with the 
greatest width on the northwest of the island around 30 m and around 5 m on the southern 
side of the platform at high tide. The island has a strong vegetation presence and extends 
out to the high tide mark on the southern side of the island with a beach scarp marking 
N 
Figure 3.3 Geomorphic zonation of the Kandahalagalaa platform. 
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the extent of the vegetation with aeolian transportation less likely to occur here due to a 
low wind regime (Aslam and Kench, 2017).  
 
3.5 Benthic Halimeda survey 
Halimeda density datasets were collected between 28 January and 9 February 2019 to 
identify the living distributions of the two Halimeda species present on Kandahalagalaa 
reef platform, Halimeda macrophysa and Halimeda micronesica. Prior to any sampling 
or data collection a research permit was sought from the Ministry of Agriculture and 
Fisheries, Maldives (Research Permit Number:  30-D/INDIV/2018/1126). These 
methods were performed in order to answer the research objective of identifying the 
distribution of living Halimeda species present across Kandahalagalaa, and followed the 
procedure published by Perry et al., (2016) who performed 50 quadrat (50x50 cm) 
surveys on the reefs surrounding Kandahalagalaa platform measuring the a, b, and h 
dimensions of each plant. Perry, et al., (2016) investigated the sediment generation of 
Figure 3.4 Photographs of key geomorphic zones on Kandahalagalaa (A) the edge of 
the reef at the north platform, (B) patch reef in the reef lagoon, (C) the inner north 
lagoon showing patch coral, (D), the north beach face showing the upper and lower 




Halimeda which required knowledge of not only the amount plants present but the plant 
volume, however as this was not a key concern for this study plants were only counted 
for abundance between species.  
In Perry, et al., (2016) surveys were only taken across the ref flat and upper slope of the 
southern side of the island however, to get a more comprehensive analysis of Halimeda 
present across the reef survey locations were established on the northern and southern 
(windward and leeward) sides of the platform. At each location 51 surveys were 
positioned randomly across the reef flat and crest. At each survey location as recorded 
using a handheld Garmin Global Positioning System (GPS) a 50 x 50 cm quadrat was 
placed and each species of Halimeda present was identified and point counted. Plants 
were counted from all rubble surfaces within the quadrat including conspicuous rubble 
spaces accessible from the top of the reef (Figure 3.5).  
Visual identification showed no Halimeda sp. present growing within the sand zone, and 
where no coral rubble was present. For this reason, the sand zone was not sampled to 
allow sufficient data representative of the productive reef zone. As depth (< 2 m below 
MSL) and rubble cover remained relatively consistent around the reef crest, the random 
locations were considered suitable and allowed for a greater spatial coverage of the north 
and south platform rubble. Each survey site was plotted using ArcGIS version 10.7.1. In 
total 25.5 m2 (2627 observations) of platform reef was surveyed for live Halimeda sp. 
cover. Basic summary statistics (mean and standard error) were calculated for all 
Halimeda survey data using Microsoft excel with the standard error reported for the 
distribution of Halimeda habitat representing an estimate of the variability of 




3.6 Sediment sampling 
Sediment sampling was performed to provide results for the first supplementary aim, 
which was to identify of sedimentary components across the Kandahalagalaa reef and 
island complexes. This will also contribute to the primary key research aim by identifying 
the size and texture abrasive Halimeda segments are likely to interact with in a natural 
swash system. To do this, the Kandahalagalaa reef platform was split into eight major 
cross-reef radial compass bearings facing north, northeast, east, southeast, south, 
southwest, west, and northwest. Along each of these directional lines, surficial sediment 
(A) 
(C) (B) 
Figure 3.5 A. Location of benthic ecology surveys (n = 102) in relation to 
Kandahalagalaa island. B. Detailed identification of northern reef survey sites, C. 
detailed identification of southern reef survey sites (note: scale bar is the same for 
insets B and C). 
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samples (64 sediment samples in total) were collected and marked with a GPS (Figure 
3.6). Surficial sediment samples were collected from the reef crest (1), reef platform (2), 
inner lagoon (3), lower beach (LB), upper beach (UB), vegetation line (VL), 0.5 m depth 
into the sediment at the vegetation line (VL0.5), and the inner vegetation (IV) of 
Kandahalagalaa. The sampling design used allowed for samples to be collected from all 
geomorphic zones where accessible around the island from the reef flat to the beach face 
into the island. This sampling design was used to ensure all zones were analysed from all 
directions. This type of radial sampling extending from the middle of the island was used 
following studies by Liang, (2016), Morgan and Kench (2016), and Janßen, et al., (2017) 
who also analysed reef island and platform sediment compositions on Maldivian atoll 
reefs and the Spermonde Archipelago, respectively. This method was used to enable 
equal sampling from all aspects of the platform and between the windward and leeward 
sides of the platform.  
On the reef platform, sediment samples of approximately 200 grams were collected from 
each reef zone along the eight radial transects (n = 24 samples). Samples were also 
collected from beach zones (n = 16 samples), and from the island sedimentary complex 
where accessible (n = 24 samples). Sampling stations were established at regular intervals 
along each radial transect, which was dictated by the corresponding key geomorphic 
zones (Figure 3.3). All samples collected were treated with household bleach and air 
dried as per requirements set by the Ministry of Primary Industries (MPI) NZ. Samples 
collected from the SEIV, EIV, NEIV, NIV, EVL, NEVL0.5, and SEVL0.5 were 
selectively left in the Maldives due to a heavy presence of soil, plants, and root systems 
contained in the sediment complex which prohibited importation into New Zealand.  
A further ~2 kgs of disarticulated (post-mortem) Halimeda segments were collected from 
the outer platform and treated with bleach before being air dried in the field. Halimeda 
was then again washed with distilled water to remove the presence of salts and dried in 
an oven at 40°C for 24 hours. Sediment was inspected by MPI NZ quarantine officers 
before release into the country. Sediment was then further washed and dried at 40°C for 







































































































































































3.7 Sediment analysis 
Sediments have long been analysed using screens and microscopic measurements with 
many classifications of grain size distributions made using the statistical parameters of 
mean, standard deviation, skewness, and kurtosis (Wentworth, 1922; Swan, et al., 1978). 
Previous examinations of key grain size analysis techniques of sieving and settling tube 
use by Azmon (1961) identified that shell material present is likely to float within a 
settling tube and settle in the finer size fraction regardless of size, whereas when sieved 
the accurate size was retained within the sieve screens. When sediment samples 
containing Halimeda are concerned a settling tube becomes ineffective as grain density 
is a dominant factor producing the observed differences in samples. Halimeda behaves 
hydraulically as much smaller particles and therefore were found to be settling in the 
fines, however when sieved Halimeda is contained by the projected surface area, making 
sieving a preferred method (Kench and McLean, 1997). Settling tube data has shown a 
heavier fine fraction (first quartile) and a lighter coarse fraction than the sieve results 
from the same study due to denser particles settling faster (Azmon, 1961; Kench and 
McLean, 1997). The probable error of analysis was found to be greater in settling tubes 
compared to that of sieving, which is a well standardised procedure that offers simplicity 
and allows for dry and wet sand processing. Due to a high presence of shell material, and 
the basic criterion based purely from grain dimensions, sieving is the most appropriate 
method for analysing tropical reef platform sediments (Azmon, 1961).  
Sediment samples were washed under normal tap water and re-dried at 40°C in an oven 
for 24 hours to dissolve salt enrichments. Sub-samples of between 60-120 g were 
removed from each charge and split into a working and an archive half with a riffle 
splitter. The working samples were each weighed to find an initial weight, and sieved 
into the fractions 1000, 710, 500, 355, 250, 180, 125, 90, and 63 µm according to the 
Wentworth (1922) classification using the EasySieve software. Sediment was sieved 
using a Retsch AS200 vibratory sieving machine with an amplitude of 2.00 mm for 3 
minutes according to methods used by Janßen, et al., (2017). Dry sieving was performed 
using this method to ensure sediment was stimulated for a long enough period of time to 
dislodge small particles lodged within larger clasts, and to contain clasts within their 2-




Each sieve fraction was weighed and the percentage weight from the total sample and 
mean grain size and sediment texture were calculated (Blott and Pye, 2001). The Folk 
and Ward (1957) (µm) geometric (modified) graphical measures method was used to 
determine sorting, skewness, particle size distribution, and a cumulative percentage from 
each size fraction. Results of the weighing process were added to a cumulative grain size 
distribution following the Wentworth (1922) classification and the output given by 
statistics package GRADISTAT (Blott and Pye, 2001) (Table 3.1), with consideration 
for high shell and marine content made when evaluating samples (Azmon, 1961).  
In studies of bioclastic sediments using sieve analysis techniques, the examination of the 
different grain sizes can give a gross estimate of the wave energy interpretations for 
different grain sizes, but methods likely indicate a poor hydraulic sorting. Sieve-size 
results can indicate the need for caution in interpreting the overall sedimentary processes 
in bioclastic environments and does not account for the attributes of a deposit (Kench 
and McLean, 1997). Any interpretations of grain size and influences of environmental 
processes using sieve-size estimates should therefore be avoided (Kench and McLean, 
1997).  
Sample data was exported from the EasySieve software for raw weight data and analysed 
using excel package GRADISTAT following the Folk and Ward (1957) geometric 
method for classifications of sediment and overall sedimentary statistics. Grain size 
distributions are conventionally plotted in terms of weight frequencies i.e., unit grain 
weight or the total sample weight and compared to number frequencies. It must be noted 
that the mean diameter calculated from the weight frequency may not be interpreted as 
the actual mean size of particles present (Swan, et al., 1978).  
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Table 3.1 Size scale adopted in the GRADISTAT program, compared with those 
previously published. Importantly the standard set by Wentworth (1922) is noted here 





3.8 Tumbling procedure 
In order to address the primary research objective presented in Section 1.2, a tumbling 
barrel approach was used to analyse the abrasion rate for disarticulated Halimeda 
segments. Presently, the only physical approach made for estimating the breakdown rate 
of disarticulated segments of Halimeda on Kandahalagalaa was undertaken by Perry, et 
al., (2016) using a see-saw rocker plate containing a 50:50 solution of distilled water and 
5 % commercial bleach and no abrasive material. In the interest of isolating swash zone 
abrasion this approach was adapted with the approaches made by Neumann and Land 
(1975), and Ford and Kench (2012).  Individual, and undamaged Halimeda plates greater 
than 1400 µm were selected for use in each abrasion experiment to best calculate a 
comprehensive breakdown rate. Samples showing little to no evidence of worn 
ornamentation, shallow cracks, pitting, scalloping or margins or evidence of breakage 
were used.  
A Lorntone QT66 Dual Barrel rock tumbling machine was used to simulate gentle swash 
abrasion. The barrels have an internal diameter of 17.5 cm with an interior composed of 
10 even-sized faced moulded rubber sides designed to create a more vigorous movement 
(Figure 3.7). The machine operates two barrels rotated on tumblers at 29 RPM to generate 
a slow, gentle oscillation of samples which is similar to the reef platform environment 
which they were collected from. This apparatus was used due to its off-the shelf 
accessibility and affordability, which allows and encourages this machinery to be used 
in multiple replicate studies. Most tumbling barrel studies are conducted using specially 
constructed machinery which does not allow for comparable results across all tumbling 
experimental designs and make applications to sedimentary systems difficult (Ford and 
Kench, 2012).  
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While some abrasion and breakdown studies have been field based for experimental 
taphonomy (Shroba, 1993; Walker and Goldstein, 1999; Chen and Stephenson, 2015), 
the majority are performed under controlled, simulated field conditions using repeatable 
laboratory procedures such as tumbling due to the practical issue of tracking small reef 
sediments through the swash system through time and distance travelled (Cottey and 
Hallock, 1988; Peebles and Lewis, 1991; Kotler, et al., 1992; Lewin and Brewer, 2002; 
Ford and Kench, 2012).  
3.8.1 Tumbling time and travelling distance 
There are two approaches used to quantify the amount of work an experimental charge 
undergoes during tumbling; tumbling duration and/or distance travelled during tumbling. 
The tumbling time is simply the duration of the experiment, whereas the distance 
travelled is a calculated distance travelled within the tumbler, based on the individual 
tumbler RPM, barrel dimensions and experimental charge properties.  The specific ratio 
of tumbling hours to the actual measure of environmental energetics is unknown and 
varies between equipment used, but it is suggested that there are relative rates of abrasion 
between unlike samples which under standardised milling conditions are valid estimates 
(Moberly, 1968).  
 
Figure 3.7 (left) Dual barrel QT66 rock tumbler with barrel sitting on driving structure, 
(right) Cross sectional view of tumbling barrel apparatus used in this study (from Ford 
and Kench, 2012). 
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Establishing travel distance is not a trivial concept and are commonly calculated as a 
partial calculation of the barrel circumference, multiplied by the revolutions per minute 
(Wentworth, 1919; Cottey and Hallock, 1988; Peebles and Lewis, 1991; Kotler, et al., 
1992; Ford and Kench, 2012). Other such studies have used a measure of duration of 
wear, rather than distance (Bigelow, 1982; Jones and Humphrey, 1997). The amount of 
interparticle contact, and the nature of such has varied according to the charge used due 
to avalanching, rolling, overpassing abrasion, and a complex ‘vibratory’ action (Lewin 
and Brewer, 2002).  
In an effort to accurately calculate the transport of particules through abrasion a circular 
flume was adapted by Lewin and Brewer (2002) to transport particles across an abrading 
bed, but although distance travelled could be measured, the particle motion and velocity 
are not constant due water motion from acceleration at jets and slowing between points. 
Wentworth (1919) identified that distance travelled is only a control in part, of the size, 
shape and surface texture, and this relation of distance to a particle could be studied 
independently through experimentation. In experiments described by Wentworth (1919) 
distance was calculated from an oak lined drum with an inside diameter of 16 inches 
operating at 21 RPM to travel 1 mile per hour.  
For this study, the approach to calculate wear duration and distance travelled followed 
an experimental method developed for a study undertaken by Ford and Kench (2012) 
who modified a tumbling barrel specific to their study. To follow the approach used, the 
same tumbling apparatus was used to allow for a unifrom, calcuable distance travelled 
by experimental charges. By manually digitising 10 clast paths Ford and Kench (2012) 
allowed a calculable total distance travelled per rotation, and therefore duration. Distance 
travelled per rotation was calculated to vary between 227 mm and 324 mm per individual 
clast based on the tracer experiment operated (Ford and Kench, 2012). Material was also 
shown to be drawn up the interior barrel before dropping back to the low point of the 
barrel through time. To estimate the travelled distance during tumbling the proportion of 
the barrel circumference travelled by the clast each rotation was calculated to be on 
average clasts travelled 0.515 mm per rotation (as a proportion of the barrel 
circumference of 550 mm), with barrel rotations at 29 RPM, this resulted in a clast travel 
distance of 493 m hr-1 which can be applied to this study (Ford and Kench, 2012).  
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3.8.2 Experimental procedures 
Figure 3.8 below outlines the experimental procedures used during tumbling barrel 
experiments. Each experimental run (five) used a 500 g mix of abrasive agent and 
experimental charges (ratios presented below). Through using a locally collected 
abrasive material (reef lagoon sediment) this best simulated processes which would 
normally occur within the reef platform and accelerated the abrasion process.  
Only individual Halimeda plates (no joined or branching segments) over 1400 µm was 
used to ensure visual identification within experimentation. By minimising the effects of 
grain-to-grain interactions of the Halimeda particles this allowed for most of the 
collisions to occur between samples and the abrasive, and to minimise the effects of 
differences in the size and shape of clasts. CaCO3 sediment smaller than 1000 µm and 
sourced from Kandahalagalaa platform was used as the experimental abrasive. This was 
based on the sediment present across the reef platform in February 2019 as analysed and 
calculated using a grain size analysis to reduce the likelihood of excess Halimeda 
samples which would otherwise be present in the reef sediment. This type of abrasive 
was used to best simulate a reef swash zone and is similar to experiments conducted by 
Ford and Kench (2012) however replaces the abrasive used Aluminium Oxide (Al2O3) 
due to its exaggerated size (2 mm) and aggressive abrasion rates which were considerable 
higher than garnet (0.75 - 1.0 mm). Al2O3 has a Mohs hardness scale of 9 (Molnár, at al., 
2000), while garnet has a hardness scale of 7 - 8 (Whitney, et al., 2007). Neither of which 
best represent the likely environment Halimeda segments would naturally contact due to 
CaCO3 sediments typically have a Mohs scale hardness of 3 (Broz, et al., 2006). The ratio 
of abrasive to test charges used and the local sand abrasive (1:4 respectively) was 
reflective of the sediment samples collected from this study on the Kandahalagalaa reef 
to isolate mechanical abrasion and better estimate natural Halimeda breakdown across 
the natural platform environment. 
To best replicate the environment in which Halimeda were deposited post-mortem and 
mechanically worked on the platform, the analysed ratio of Halimeda present on the reef 
crest to platform sands was used in tumbling. Three dual-barrel tumbling machines were 
used at once for this study with each remaining experiment remaining the same between 
barrels (one sample was lost due to contamination) for a total of five tumbling barrel runs 
(labelled T1F, T1B, T2F, T2B, T3F and T3B). For each experimental run 20 % of the 
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total sediment mix (500 g) within each barrel was Halimeda. Sample start weights used 
were 100 g (within 0.1 g) and were composed of disarticulated fragments collected from 
bioherms directly behind living colonies (assumed as the first place of deposition). The 
Halimeda/abrasive mix was added to 300 ml of distilled water and placed on the tumbler 
drivers. Distilled water was used to isolate the process of mechanical abrasion, avoiding 
any potential for chemical dissolution in sea water (Walter and Morse, 1985; Kotler, et 
al., 1992).  
Halimeda samples were processed for a total of 500 hours (total of 2500 hours processing 
Halimeda) separated into five time increments where samples were dried and weighed 
each at 24, 50, 100, 250 and 500 hours (Table 4). The duration of each experimental run 
was controlled by a digital timer, and time increments were determined based on previous 
tumbling experiments (see Chave, 1964; Kotler, et al., 1992; Lewin and Brewer, 2002; 
Ford and Kench, 2012). Experimental times were selectively chosen to ensure that 
detailed measurements of weight loss were recorded to the nearest 0.001 g to allow the 
calculation of a particle decay curve. This is outlined in Table 3.2. At the end of each 
time increment, the contents of each tumbler were dried for 24 hours at 40°C and the 
experimental charges were manually separated from the abrasive mix and brushed to 
remove any sediment which was lodged within the utricles. The remaining charges were 
Figure 3.8 Experimental procedure sequence for tumbling barrel methods. 
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weighed and reintroduced to the tumbling barrel where procedures were repeated for the 
following experimental runs.  
Table 3.2 Properties of experimental charges and durations of tumbling barrel 
experiments. 








T1F 99.960 5 500 246.42 
T1B 100.046 5 500 246.42 
T2F 99.905 5 500 246.42 
T2B 100.014 5 500 246.42 
T3B 99.930 5 500 246.42 
 
3.8.3 Experimental Analysis  
Tumbling barrel experiments also allow for a detailed visual analysis on the taphonomic 
alteration of abraded material through time, and this was achieved through simple image 
processing techniques. Clasts were picked between abrasion analysis and brushed to 
remove trapped sediment and placed onto a flatbed microscope for analysis and imaging. 
All test clasts were analysed and photographed, and a digital image was acquired for 
multiple clasts from each time interval to identify breakage occurring.  
In order to quantify the test surface abrasion photographs of Halimeda segments were 
obtained from each abrasion time interval and analysed for taphonomic features of 
abrasion following those outlined by Kotler, et al., (1992) and Shroba, (1993). The 
categories of taphonomic breakdown used in this study were: 1) pitting - circular impact 
depressions that breach/almost breach the rest wall to expose the inner chambers; 2) 
flaking – partial removal of one side of the test; 3) breakage – irregular portions of the 
specimen missing; 4) scalloping (of the margins and the test); and 5) cracks and 
exfoliation – surface fractures and rough surficial damage (examples of types of 
breakdown seen in Figure 3.10). A final category (“other”) was used for the abrasion 
features which were relatively indistinct and unidentifiable at the microscopic level for 
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test class analysed. Test clasts of similar size were analysed from each experiment to 






Figure 3.9 Examples of pitting, boring, flaking and breakage of foraminifera through 
abrasion experiments. 1. Breakage in Globigerinoides quadrilobatus, initial specimen 
(0 hours) (A), 1000-hour specimen (B). 2. Flaking causing exposure of inner chambers 
of Quinqueloculina lamarckiana with the initial sample (A) and sample after 20 hours 
(B). 3. Scale bars equal 100 µm. (A) example of pitting on a Islandiella timbara clast 
after 24 hours of abrasion, (B) concentrated breakage and scalloping on Elphidiella 
clast edges (from Kotler, et al., (1992) and Shroba (1993)).  
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Chapter 4 – Results 
4.1 Introduction 
This chapter addresses the three research objectives presented in Section 1.2 by 
presenting results from Halimeda species population surveys, grain size analysis and 
Halimeda breakdown rates from samples collected on the Kandahalagalaa reef platform 
and island between January 29 – February 9 2019. Halimeda population survey data is 
presented first to identify the distribution and abundance of species across the northern 
and southern sides of the reef. Following this to address the secondary aim of identifying 
the sedimentary components across Kandahalagalaa reef platform a sediment analysis 
was performed across the Kandahalagalaa reef platform, beach, and island zones (Section 
4.3). Lastly in Section 4.4 as directed by the primary research aim, this chapter develops 
an abrasion and breakdown rate of post-mortem Halimeda segments based on tumbler 
experiments using samples collected from the Kandahalagalaa reef platform, as well as 
identifies taphonomic damage through time.  
 
4.2 Halimeda species population surveys 
Halimeda sp. are visually (Figure 4.1) very abundant across the Kandahalagalaa reef 
environments, with two species dominating the reef flat and upper reef crest, Halimeda 
micronesica, and Halimeda macrophysa. The northern (windward) side of 
Kandahalagalaa was a more likely location for Halimeda sp. to be found with the total 
plant count 1661, compared to the southern (leeward) plant total of 966. Analysis of 
2,627 plant counts from 102 transects shows that the spatial distribution of Halimeda sp. 
across the Kandahalagalaa reef crest were significantly different between the northern 






Figure 4.1 Photo of typical assemblages of H. macrophysa seen on Kandahalagalaa reef.   
North South 
Figure 4.2 Halimeda macrophysa and Halimeda micronesica plant counts per 0.5m2 





There was a marked difference in the density between the two species across the reef 
with an average of 30.33 ± 25.78 H. micronesica per 0.5 m2 on the northern side of the 
island and an average of 13.21 ± 10.94 per 0.5 m2 on the southern side of the island. H. 
macrophysa had a much lower abundance with an average of 2.23 ± 5.29 per m2 on the 
northern side and 5.72 ± 9.73 plants per m2 on the southern side of the island based on 
ecological surveys covering a total of 51 m (25.5 m per direction) across the reef. The 
northern side of Kandahalagalaa island had nearly double the abundance of Halimeda sp. 
present with an average of 65 plants per m2 compared to 38 plants per m2 on the southern 
side (Table 4.1). There were differences in overall plant densities as H. macrophysa 
ranged between 0 - 42 plants per 0.5 m-2 however populations were not statistically 
significantly different between the two sites as H. macrophysa showed no statistical 
relationship to either sample location (Mann-Whitney test: p = 0.24). H. micronesica 
plants ranged between 0 - 89 plants per 0.5 m-2 across both study sites and showed 
significantly statistically different (Mann-Whitney test: p = 0.00) populations between 
the north and south reefs and was more likely to be found growing on the north reef 
(Figure 4.2). 
H. micronesica grows opportunistically and upwards as individual bushes, while H. 
macrophysa grows as large matting over more discrete reef structures, the plants 
consequently occupied different spaces on the reef. Each species showed a different 
preference to the environmental conditions on the windward and leeward (northern and 
southern respectively) sides of the island as H. macrophysa was more abundant on the 
southern side of the island (11 plants per 0.5 m2 on northern side, 4 plants per 0.5 m2 
southern side) where H. micronesica showed a preference for the northern side with 20 
more plants per 0.5 m2 compared to the southern side of the island. H. micronesica was 
present in greater abundance than H. macrophysa with 93.13 % and 69.77 % of all 
Halimeda present on the northern and southern platforms respectively this species (Full 




Table 4.1 Summary statistics for Halimeda on the northern and southern reefs. 
 
 
4.3 Grain size distributions 
Of the 57 surface sediment samples collected for grain size analysis, all 57 samples are 
categorised as sand. There were no samples analysed with a mean sediment size in the 
clay, silt, or gravel range, the overall mean sediment size was 390.6 µm. Some clay may 
be produced through the disintegration of Halimeda through mechanical wave abrasion 
and bioerosion of skeletons in the intertidal zone of the Kandahalagalaa platform 
(Swinchatt, 1965; Perry, et al., 2016), but the quantitative contribution from this source 
cannot be precisely evaluated with the data available.  
There is a considerable difference between the material deposited on the northern and 
southern sides of Kandahalagalaa, as well as between reef crest, to the inner vegetation 
samples as Halimeda had passed through the energetic beach zone and been deposited 
onto, and into the island structure. Halimeda plates often dominated reef crest samples 
and were often found as bioherms at the edge of the sand zone amongst the patch reefs 
and up to the rubble rampart. Methods produced by Folk and Ward (1957) were used to 












Total  114 1547 1661 292 674 966 
Area (m2) 25.5 25.5 25.5 25.5 25.5 25.5 
Per m2 4 61 65 11 26 38 
Mean 2.23 30.33 12.82 5.72 13.21 7.41 
StDev 5.29 25.78 18.69 9.73 10.94 8.98 
Max 29 107 110 42 45 50 
Median  0 24 26 0 11 16 
Q1 0 12 12.5 0 4 6.5 
Q3 2 40 41.5 8.5 18 31 
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determine statistical sediment parameters from the 57 samples once sieved to 1000, 710, 
500, 355, 250, 180, 125, 90, and 63 µm according to methods used by Janßen, et al (2017) 
and the sediment size standard by Wentworth (1922) outlined in Figure 3.7 (Full results 
found in Appendix 2).  
The Kandahalagalaa reef lagoon presented variable statistics covering three different 
geomorphic zones seen within the reef platform, as well as between the upper and lower 
points of the beach zone, and the less variable vegetated zone on Kandahalagalaa island. 
Initial data from sediment samples showed a marked amount of Halimeda plates which 
are settling into the reef crest as bioherms and are classified as medium sand (Figure 5.5). 
The type of sand present in the Kandahalagalaa reef lagoon decreases from 
predominantly coarse sand at the reef crest to mostly medium and fine sand in the reef 
lagoon and into the island complex (Figure 4.3). Kandahalagalaa island held minimal 
amounts of very fine, and fine sand with the predominant sediment class medium sand 
(Figure 4.4). 
 
Figure 4.3 Overall class weight proportions of sediments within the Kandahalagalaa 




4.3.1 Textural characteristics of Kandahalagalaa lagoon 
This section examines the composition and mean of surficial sediment from five 
geomorphic zones across the Kandahalagalaa island platform. The change in character 
of the sediments is reflected by composition and texture. The sediment in the outer reef 
area is abundant with skeletal fragments and contains little to no fine sand or silt. 
Halimeda fragments are abundant throughout the study area, with sediments in the outer 
reef also characterised by a visual abundance of coral fragments. Grain size variation is 
small but has shown a trend of larger sediment at the reef crest, fining inwards to the 
beach. The compositional properties of these geomorphic zone sediments are 
summarised in Figure 4.5. 
Figure 4.4 Overall class weight proportions of sediments within the Kandahalagalaa 





Figure 4.5 Distribution of the class weight proportions of sediments collected from the 
Kandahalagalaa reef platform and beach zones. 
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Reef crest (n=8) 
The reef crest was characterised largely by Halimeda and coral clasts, with 22.64 % of 
sediment collected from this zone over 1000 µm, with average sediment size 510.3 ± 
126.3 µm, composed of poorly to moderately sorted sediment (Figure 4.5(A)). The outer 
sub-environment of the reef platform was composed mostly of substrate composed of 
skeletal fragments, particularly dominated by Halimeda plates often deposited in 
bioherms. The reef crest itself consisted of large deposits of Halimeda bioherms and 
heavily encrusted coral fragments, sampled from within pockets in the rubble framework 
as close to the reef crest as possible.  
The reef crest presented the largest mean grain size and contributed mostly coarse sand 
to the environment according to the Folk and Ward (1957) geometric method of 
measurements. All eight directional lines at the reef crest also presented a tail in the fines 
(Figure 4.5(A)), which showed bulk of the reef crest sediment was coarse sand (22.64 % 
of sediment samples over 1000 µm) (Figure 4.6). The highest concentrations of 
identifiable Halimeda grains were found in the reef crest samples, particularly on the 
windward (north) side of platform as whole or broken and fractured clasts.  
The smallest mean grain size for the reef crest was 300.8 µm present in the southeast 
with the smallest size classification of medium sand, while the sample with the greatest 
mean grain size was present on the northern side of the island with (coarse sand 749.4 
µm) (Table 4.2). Only one sample (on the southwest) side was symmetrically skewed 




Table 4.2 Summary statistics of sediment sampled from Kandahalagalaa reef crest. 
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Platform Lagoon (n=8) 
The platform lagoon is characterised by moderately to poorly sorted medium sand and 
was the most evenly distributed across the size classes with an average size and standard 
deviation of 331.7 µm and 74.7 µm, respectively. Sediments present in the reef lagoon 
was composed of medium sand. The reef lagoon had a varied distribution of particle size, 
with 44.16 % of contributing sediment between 125 and 355 µm (Figure 4.5(B)). 
The southeast location had significantly larger sediment with the mean sediment size 
497.3 µm, while the southwest sample had the smallest mean size sediment of 251.7 µm 
(Table 4.3). The platform lagoon had the greatest contribution of silt/mud with 1.2 % of 
sediment sampled smaller than 63 µm (Figure 4.7). All samples were moderately to 
poorly sorted with more dominant coarse modes due to coarse – very coarse skewness.  
Table 4.3 Summary statistics of Kandahalagalaa Platform Lagoon. 
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Inner Lagoon (n=8) 
The lagoon inner is characterised by moderately-well sorted, moderately sorted, and 
poorly sorted sand. Sediment from the lagoon inner was predominantly medium sand and 
presented the first directional sample of predominantly fine sand from the northeast 
(Figure 4.5(C)). Mean sediment size varied from 232.8 µm on the northeast, to 643.4 µm 
facing north (Table 4.4). The average size of samples analysed (n=8) was 412.2 µm with 
the largest standard deviation collected (128.9 µm).  
30.46 % of sediment found in the inner lagoon was greater than 1000 µm while sediment 
smaller than 125 µm makes up 0.09 % of the samples collected in this area (Figure 4.8). 
Positive skewness values show a dominant coarse mode, with a mixture of predominant 
coarse material and subordinate fine material giving leptokurtic distributions.  
  
Figure 4.7 Cumulative distribution of sediment collected and analysed from the 
Kandahalagalaa platform lagoon. 
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Table 4.4 Summary statistics of Kandahalagalaa Inner Lagoon 
 W NW N NE E SE S SW 
Mean 
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Figure 4.8 Cumulative distribution of sediment collected and analysed from the 




Lower Beach (n=8) 
The Kandahalagalaa lower beach is positioned at the low-tide mark on Kandahalagalaa 
island where waves broke and were the most turbulent. Sediment at the lower beach were 
large, with particles 1000 µm and greater contributing 30.93 % of sample classes (Figure 
4.9). While finer sediments smaller than 250 µm constituted 0.08 % of samples collected 
(Figure 4.5(D)).  
The average size of lower beach sediment is 484.9 µm, the largest average sediment size, 
the lower beach is less well sorted with a standard deviation of 109.13 µm. This zone 
was an equal mix of coarse and medium sand, and was moderately to moderately well 
sorted with a predominant coarse mode due to positive skewness (Table 4.5).  
Table 4.5 Summary statistics of the Kandahalagalaa lower beach (swash zone). 
 W NW N NE E SE S SW 
Mean 
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Upper Beach (n=8) 
The upper beach was positioned at the hightide mark between the vegetation line and the 
swash zone. Sediment of the upper beach zone is dominated by medium sands below 500 
µm with 1.74 % of all upper beach sediment between 500-1000 µm (Figure 4.10). The 
average sediment size was 295.7 µm with a standard deviation ± 52 µm representing 
mostly well sorted sediment.  
The zone has the smallest average sand size of all sites across the Kandahalagalaa 
platform (Figure 4.5(E)) and the least coarse-grained sediments (Table 4.6). Mean 
sediment grain size of the beach sediments is variable ranging from 406.4 µm (medium 
sand, coarse skewed) on the south-eastern side of the platform to 248.1 µm (fine sand, 
very well sorted) on the north west side of the island.  
  
Figure 4.9 Cumulative distribution of sediment collected and analysed from the 
Kandahalagalaa lower beach (swash) zone. 
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Table 4.6 Summary statistics of the upper beach of Kandahalagalaa island. 
 W NW N NE E SE S SW 
Mean 
(µm): 
269.2 248.1 281.6 302.9 248.6 406.5 348.3 261.1 
Mean: Medium 
Sand 






















































Figure 4.10 Cumulative distribution of sediment collected and analysed from the 




4.3.2 Sediment analysis of Kandahalagalaa island vegetation edge and inner 
vegetation 
This section examines the texture of sediment on the established Kandahalagalaa island 
from the vegetation line, 0.5 m depth below the vegetation line, and from 10 m into the 
island within established vegetation. Of the limited samples taken from the vegetation 
line and inner vegetation these did not show any identifiable Halimeda plates 
incorporated into island sediments and was predominantly composed of medium sand 
(Figures 4.4, 4.11). It is important that the textural properties of the island landform are 
established to further understanding of the temporal dynamics of sediment during 
development of Kandahalagalaa island.  
Previous sections of this chapter (Section 4.3.1) have outlined the textural components 
of the material present within the platform lagoon and beach face; this section applies the 
same approach to the sediment of the platform island. The textural properties of the island 
are summarised in Figure 4.4. Kandahalagalaa island zones showed similar sediment 
compositions with the dominant sediment size 250 µm (42.51 %) for all three zones with 
very fine and fine sand making up 23.84 % of the island complex.  
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Vegetation Line (n=7) 
The vegetation line is a well-defined location on Kandahalagalaa island where woody 
and established plants were first present behind the beach sands. The vegetation line was 
made up of medium sand and was moderately to well sorted. A slightly more dominant 
coarse mode gave positive symmetrical skewness but still allowing for a symmetrical 
sample consistent with general dune sand characteristics (Figure 4.11(A)).  
Sediment finer than 125 µm was largely absent from the vegetation line with 0.11% of 
samples in this size class or below (Figure 4.12). Sediment on the vegetation line was 
dominated by medium sand with 86.04 % of sediment between 125 - 500 µm and had 
the finest sediment on the island structure with mean grain size 302.9 ± 29.1 µm. 
Leptokurtic and Mesokurtic samples show a tail in the fines and an excessively peaked 
distribution (Table 4.7, Figure 4.12(A)).  
Figure 4.11 Distribution of the class weight proportions of sediments collected from the 
Kandahalagalaa island sediments. 
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Vegetation Line 0.5 metres (m) depth (n=6) 
Samples taken from 0.5 m depth into the vegetation line on Kandahalagalaa island 
presented the largest material for an island zone sampled 343.2 ± 36.3 µm. The sediment 
incorporated into the island complex contained medium to coarse sand (Table 4.8) which 
was moderately to well sorted. The predominant sediment size was between 250 µm and 
355 µm (43.25 % of samples collected).  
Sediment here was symmetrical or coarsely skewed, and a mesokurtic population 
showing a tail in the fines (Figure 4.11(B)). Sediment found here within the island 
complex follows a similar distribution of sediments as those found at the vegetation line 
however contains the greatest amount of coarse sand for an island sample (75.19 % of 
sediment 250 µm – 500 µm) (Figure 4.13).   
Table 4.8 Summary statistics of sediment sampled from the vegetation line 0.5 m depth 
into the sediment complex. 
 
  
 W NW N E S SW 
Mean (µm): 282.7 322.2 337.0 398.2 369.9 349.2 
Mean: Medium Sand Medium Sand Medium Sand Coarse Sand Coarse Sand Medium Sand 
Sorting  1.362 1.444 1.357 1.721 1.420 1.409 
Sorting: Well Sorted Moderately 
Well Sorted 















Inner vegetation (n=4) 
The inner vegetation was the least accessible of the geomorphic zones within the 
Kandahalagalaa platform where only four samples were collected. The inner vegetation 
was moderately to well sorted medium sand and a dominant coarse mode, and 
subordinate fine material has given these samples a leptokurtic and mesokurtic kurtosis 
showing excessively peaked distributions (Table 4.9) and is more representative of dune 
sands instead of beach sands. Material finer than 125 µm was largely absent from this 
zone (only 0.01 % of samples) with the predominant sediment present between 250 µm 
and 355 µm (42.52 % of samples) (Figure 4.14). Very coarse sand represented only 1.05 
% of sediment from the inner vegetation (Figure 4.11(C)).  
  
Figure 4.13 Cumulative distribution of sediment collected from the vegetation line 0.5 
m depth into the island. 
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Table 4.9 Summary statistics of the four sediment samples taken from the inner 
vegetation into Kandahalagalaa island 
 
 
 W NW S SW 
Mean 
(µm): 
269.5 285.1 364.4 315.6 
Mean: Medium Sand Medium Sand Medium Sand Medium Sand 
Sorting 1.316 1.270 1.607 1.442 




Skewness: Symmetrical Symmetrical Very Coarse 
Skewed 
Coarse Skewed 
Kurtosis: Mesokurtic Leptokurtic Leptokurtic Mesokurtic 




4.3.3 Mean grain size versus sorting within geomorphic zones 
Sediment texture (mean grain size and sorting) of the Kandahalagalaa platform 
geomorphic zones are shown for sediment samples. Figure 4.15 shows that the textural 
properties between the geomorphic zones vary as upper beach and island sediments are 
finer and more well sorted, while platform sediments are coarser and generally 
moderately - poorly sorted. Sediment texture also varies between samples within the 
same geomorphic zone, as the reef crest has presented no clear trend. Sediments with a 
finer grain size were generally more well sorted with an R2 value of 0.0796 indicating a 
positive relationship between the overall mean grain size and sorting for all sites. A 
Kendalls τ was performed (due to a not normal distribution) to identify the correlation 
between mean grain size and sorting (p = 0.00). This shows a statistically significant 
correlation between mean grain size and sorting. Sediments of the lower beach and reef 
crest were the least related between the two variables, as the higher mean grain sizes did 
not show a high sorting value. 
Sorting values ranged from well sorted (1.25 ơ) on the upper beach to very poorly sorted 
(2.44 ơ) at the reef crest (Figure 4.15), with a mean sorting value of 1.68 ơ (moderately 
Figure 4.15 Mean grain size (µm) versus sorting values (ơ) of Kandahalagalaa 




sorted) for the entire platform. Sediment size increased from the island to the reef crest, 
but the degree of sorting decreased, and sediment became more poorly sorted and a 
relationship was less clear. The southeast sample was an exception where sample mean 
grain size did not follow the corresponding geomorphic zones with sediments at the reef 
crest 296 µm smaller than the mean grain size, and sediment in the platform lagoon 235 
µm larger than the mean grain size. This overall directional line however corresponded 
with the sorting trends in these geomorphic zones (poorly to moderately sorted).  
4.3.4 Summary 
A total number of 57 samples were analysed to establish the textural composition of 
platform sediment on Kandahalagalaa. There was a general trend of fining grain size 
from medium and coarse sand with distance from the reef crest to the inner island (Figure 
4.3 and 4.4). Figures 4.5 and 4.11 show the average size frequency distributions for each 
geomorphic zone. Analysis of platform sediment showed that samples in the three 
submerged zones (reef crest, platform lagoon and inner lagoon) were highly variable, 
with the reef crest and inner lagoon presenting similar sediment trends, the platform 
lagoon was dominated by fine to very fine sands (52.89 % of samples).  
Medium sand was the main contributor to Kandahalagalaa platform (Figure 4.6, 4.7, 4.8) 
with the coarsest sediments often found on the north direction sample line, and the 
coarsest sediment sample found at the north reef crest. The most poorly sorted sediment 
was also located at the northeast reef crest. Sediment ranged from 749.4 µm – 232.8 µm 
on average at the north reef crest and north east inner lagoon respectively.  
The Kandahalagalaa beach zone, located at the low and high tide marks presented 
different sedimentary environments with the most well sorted, finest sand within the 
platform on the upper beach (Table 4.10), and coarser sediment present on the lower 
beach. Kandahalagalaa island sediment is largely composed of medium sediment all 
clustering at 250 µm, with 66.51 % of all sand collected. Sediments analysed from the 
island showed a mean sediment size of between 302.9 – 343.2 µm and is described as 
medium sized sand. Samples were moderately to very well sorted and showed a trend of 
fine sands settling on the island structure (Figure 4.4). This geomorphic area had the most 
consistent sediments.  
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Particles larger than 1000 µm were generally several millimetres or centimetres larger 
and were either fresh, unbroken shells, coral or Halimeda, or unabraded. There was a 
significant lack of sediment smaller than 90 µm across all sites, with the two finest size 
classes containing less than 0.19 % of all sediment measured.  
 
4.4 Halimeda durability results 
The purpose of performing tumbling barrel experiments were to comprehensively outline 
the physical durability of Halimeda plates under a simulated swash zone in terms of 
weight reduction through tumbling. This section first examines the change in sample 
weight of Halimeda plates during tumbling experiments through a series of dry weights 
at set time increments, before analysing the morphological modes of abrasion occurring 
through time. The purpose is to investigate the magnitude of Halimeda destruction under 
abrasion action through time using a simulated transport process. Results of 2500 hrs 
total of tumbling of Halimeda constituents using local sand as abrasive are presented 
below. The rate of weight reduction did not vary significantly between experimental runs 
with a standard error of 0.45 %. 
4.4.1 Weight reduction through time 
Halimeda was most significantly abraded in the first 50 hours with samples reduced to 
95.22 ± 1.43 % of initial Halimeda used, with most of the abrasion occurring after the 
first 24 hours (7 % of abrasion occurred between 24 and 50 hours). At the conclusion of 
tumbling (500 hours) sample weights were reduced to 82.27 ± 0.45 % of identifiable 
Halimeda with an average weight loss of 17.72 % (Figure 4.16). Visual identification 
noted smaller clasts of Halimeda were removed/abraded during analysis faster than larger 
clasts as the most predominant subgroup left in the Halimeda mix were large/full clasts 
after 500 hours. 
Changes in clast sample weight is the most accelerated in the early stages of tumbling 
(<T50) and was evident in all experiments to similar degrees. This is attributed to abrasion 
of already weakened and smaller Halimeda clasts and was recorded through visual 
examination and review of Halimeda clasts after each experimental run. After 100 hours 
the rate of change slowed significantly with a halt in mass reduction for the remainder of 
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the experimental process, with only 3.69% of sample weight loss across 400 hours. The 
use of tumbling barrel experiments revealed the durability of common Kandahalagalaa 
reef platform dweller, Halimeda sp., to be a highly resistant post-mortem constituent. 
The most durable sample was T3B with 84.03 % of initial sample weight left, after 
showing an initial accelerated breakdown to 91.07 % of the sample weight after 24 hours. 
The least durable sample was T2F with 81.47 % of the initial sample weight left at the 









Figure 4.16 Weight reduction of Halimeda used in this study expressed as a percentage 
of weight at T0 for the five tumbling barrels used, including the mean breakdown. 
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4.4.2 Relationship between distance travelled and tumbling time 
Results show that the most rapid period of breakdown of sample weight occurred 
between 11 – 24 km travel with 7% of sample weight reduction, after 100 km travel 
breakdown of samples reduced to a maximum of 0.9 % (Figure 4.17). After 500 hours of 
work each Halimeda sample travelled 246.42 km (a cumulative 1,282.1 km) based on 
tracer tests by Ford and Kench (2012). 
For Halimeda to reach the same point of breakdown (17.72 %) achieved in this study the 
samples would have to travel approximately 1642 times across the entire northern reef 
platform (0.3 km) of Kandahalagalaa across 500 hours in a uni-directional flow. 
Halimeda deposited on the southern reef (0.16 km) would have to travel one way 
approximately 3080 times across 500 hours to reach the same point of abrasion. The 
northeast presented the greatest platform length (0.25 km) and would require clasts to 
travel the length of the platform 985 times over 500 hours. This estimate only accounts 
for two-dimensional shore to platform movement and does not account for cross reef 
travel, or account for travel backwards and forth through incoming and reflected waves. 
It is important to consider this when attempting to quantify distance as in the marine 
coastal environment the process of sediment transport is complex due to the presence of 
different unsteady flows, caused by tidal influence and wind waves (Ribberink, 1998).  
Figure 4.17 Abrasion results of tumbling experiments for samples from Kandahalagalaa 
platform and the equivalent distance travelled. 
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4.4.3 Visual taphonomic alterations 
The purpose of the tumbling barrel experiments in this study were not only to outline the 
physical durability of Halimeda through analysing weight reduction under mechanical 
abrasion activity, but to examine the visual changes in clasts during tumbling 
experiments through the examination of scanned images of the experimental charges at 
each time increment. Through investigating the modes of taphonomic destruction 
through time the different morphological properties of Halimeda segments are 
understood at each stage to best describe the segment abrasion occurring.  
Halimeda appeared to be randomly broken into smaller fragments with the edges and 
thinner outer layers firstly removed and ground into material which was too fine to 
distinguish from the abrasive mix and remaining Halimeda. Figure 4.18 and Table 4.10 
below detail a summary of the destruction of Halimeda from complete segments 
throughout tumbling time to remaining fragments after 500 hrs of tumbling. Halimeda 
quickly underwent scalloping of the edges and pitting of segments as they were 
continually abraded. Visually the plates became more textured as scrapes and sediment 




Figure 4.18 Segments of Halimeda before tumbling and after 25, 50, 100, 250 and 
500 hours of work. Note: Only whole segments/flakes greater than 1000 um of 
Halimeda were able to be extracted from the abrasive mix due to size of abrasive 

















Table 4.10 Summary table of Halimeda destruction through time and descriptions of key 
modes of breakdown present on constituents. 
Hours Mode of taphonomic destruction 
0 Minimal signs of pitting, cracks, and scraping (likely due to being collected as 
disarticulated segments and likely exposed to some reef abrasion already).  
24 Pitting of test segments more evident, signs of cracking and exfoliating of the segment 
surface, and scalloping on half test margins.  
50 Scalloping of segment edges, cracking, pitting. 
Other mode of destruction occurring as segments are noticeably thinner as outside 
walls are losing the strong white colour and became partially see-through and brittle 
looking.  
100 Evidence of heavy pitting, cracks and scraping. Small amounts of flaking of segment 
walls occurring.  
Half broken segments becoming more prominent in the sample mix. Segments are 
noticeably less round and edges are rough.  
250 Scalloping on edges of nearly all segments. Pitting, breakage and cracking and 
exfoliation prominent modes of alteration. Flaking of cell walls occurring on some 
segment walls.  
Samples are becoming largely segments and more small, broken parts of Halimeda 
present in the samples.  
500 Remaining segments have undergone all five (pitting, flaking, breakage, scalloping, 
cracking/exfoliation) modes of abrasion.  
Many clasts have the internal chamber and skeletal structure revealed. Small samples 
have largely disappeared from samples. 
 
Test surface abrasion was minimal after 24 hours, with whole plates showing pitting and 
scraping of the test surface on most segments. After 24 hours there was signs of cracks 
and scalloping on about half of test margins (Figure 4.18.2(B)). Segments showed a more 
textured surface when compared to unabraded constituents but no obvious removal of 
parts of plates analysed. After 50 hours Halimeda segments experienced mainly 
scalloping of the edges and cracks on the test surfaces and segments had a removal of 
thickness of segments compared to 0 hours (Figure 4.18.3(C)). After 100 hours of 
abrasion heavy pitting, cracks, and scraping were prominent on segment surfaces. 
Partially broken segments were more prominent when the test mix was separated from 
the sand abrasive, and segments were showing the first signs of exposure of the inner 
microarchitectural structures.  
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Visual taphonomic alterations were similar between 250 to 500 hours. The most visually 
identifiable change of Halimeda plate segments undergoing abrasion is the removal of 
the outer chamber revealing segment internal structures to the outer surface (Figure 
4.18.6(A, B)). Halimeda showed mechanical breakdown through abrasion consistent 
with pitting and flaking of larger clasts where recoverable, smaller segments were more 
rapidly broken down and incorporated into the abrasive mix. Flaking of segments 
exposed the inner structure of the Halimeda plates, revealing an inner branching vein 
system. Plates showed evidence of all five types of abrasion outlined in Section 3.8.3. 
The mode of taphonomic destruction most seen was pitting and cracks/scratching on the 
segment surface and was seen on most segments analysed from pre abrasion state (0 
hours) to the end of the experiments (500 hours).  
It is important to recognise that tumbler experiments are a useful approach for assessing 
abrasion percentage loss of Halimeda samples collected from an atoll interior platform 
like Kandahalagalaa. However, it is not possible to measure the thinning of individual 
segments using the image analysis procedures utilised on this investigation. The findings 
of the durability of Halimeda section of this chapter are revisited in chapter 5, with 
respect to the tole that durability plays in the composition of reef sediments from the 
Kandahalagalaa reef platform and island. The purpose of this chapter is to investigate the 




Chapter 5 – Discussion 
5.1 Introduction 
The primary objective of this research was to examine the abrasion and breakdown rate 
of the post-mortem segmented state of common Kandahalagalaa reef dweller Halimeda, 
through a simulated swash zone abrasion scenario using tumbling barrel experiments. 
Alongside this the types of taphonomic breakdown of segments occurring during 
transport were also analysed.  To do this, data was first collected to identify the current 
ecological state of living Halimeda assemblages, and the sedimentary environment 
present on Kandahalagalaa platform which provided the necessary background of the 
source abrasive material post-mortem Halimeda is likely to contact. The research 
objectives were addressed through an experimental design using field-based analysis 
coupled with laboratory processes. 
To identify the distribution of the living Halimeda species present across the reef 
platform a benthic ecology survey of Halimeda species present across the northern and 
southern reefs was conducted to establish a density cover of Halimeda plants across the 
reef. The results of Halimeda plant count surveys are discussed in Section 5.2. To identify 
the sedimentary components across the reef platform and current beach face samples 
were collected from 57 sites around the entire Kandahalagalaa platform and reef island 
and analysed using grain size analysis. These results presented in Section 4.3 also 
established the size of the abrasive sediment used in abrasion experiments. The sediment 
on Kandahalagalaa platform is discussed in Section 5.3. Section 5.4 then presents the 
results of abrasion experiments of post-mortem Halimeda segments through tumbling 
barrel experiment results presented in Section 4.4 and compare this with previous reports 
of species durability. This section then discusses the species microstructure, methods, 
and drivers of breakdown and the potential for physical breakdown to be a key 
contributor to sediment breakdown in a reef platform environment such as 
Kandahalagalaa platform (Section 5.4). This section will also look at the types of 
abrasion and taphonomic breakdown occurring (Section 5.4.5), and the relationship 
between time and distances travelled when using laboratory simulated experiments 
(Section 5.4.6). Following this the relative potential for Halimeda present on 
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Kandahalagalaa as a contributor to the island sediment complex reservoir is presented 
(Section 5.5), and the future outlook for Kandahalagalaa (Section 5.5.1) are assessed.  
 
5.2 Living Kandahalagalaa Halimeda assemblages 
Halimeda abundance has increased post-2016 bleaching. Data recorded in January 2019 
from five atoll interior islands including Kandahalagalaa averaged 20.5 ± 8.4 % cover 
ha1 of Halimeda present (compared with 6.4 ± 3.4 % pre-bleaching). This research 
recorded an average of 65 plants per m2 and 38 plants per m2 plants on the north and 
south platform reefs respectively. 
Prior to the 2016 mass bleaching incidence, the dominant taxa on southern Maldivian 
reefs were coral-dominated ecological community structures (Morgan and Kench, 2014), 
with calcareous macroalgae in low abundance (Dawson and Smithers, 2014; Perry, et al., 
2020). As Halimeda is a dominant calcareous macroalgae on tropical reefs it plays a 
complex and functional role in contributing to the carbonate balance in reef sediment 
systems (Thinesh, et al., 2019). Following a major period of decline and loss of coral 
cover in the Indian Ocean, diversity results show there has been a shift to algal dominant 
community structures (Perry, et al., 2016; Cerutti, et al., 2020; Perry, et al., 2020). In 
most cases algae will thrive as a consequence following a disturbance event such as 
bleaching causing large areas of reef substrate to be cleared, this results in the open 
opportunity for algae biomass to settle on now degraded reef structures and dead coral 
substrate as this reduces competition for resources (Szmant, 2002; McManus and 
Polsenberg, 2004; Fujita, et al., 2009). While not a direct function of a SST warming 
event, this change is facilitated by the benthic ecological transition which has occurred 
as a result of the bleaching mortality (Perry, et al., 2020). 
Following a bleaching scenario, it is reasonable to assume that a major change in reef 
ecology occurring will influence the sediment generation rates and the proportions of 
reef-derived sediment constituents present within a reef system (Perry, et al., 2011; Perry, 
et al., 2020). Shifts in ecological processes can be a critical control on island change and 
implications for sediment generation rates of increased presence of Halimeda species on 
southern Maldives reefs has shown a major increase in sediment generation and can be a 
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more critical control on island change than sea level change (Kench and Cowell, 2002; 
Perry, et al., 2011; Perry, et al., 2020).  
Halimeda abundance reflects the high proportion of rubble substrate across the 
Kandahalagalaa reef platform as a loss of coral cover encourages growth, particularly H. 
micronesica which dominated the reef crest structures and grows semi-cryptically on 
hard surfaces present, producing small segments of around 5-10 mm diameter (Perry, et 
al., 2016). While Halimeda are commonly found forming extensive meadows across 
most reef zones (Fong and Paul, 2011), H. macrophysa was typically found across deeper 
water off the forereef descending into the atoll interior and inconspicuous rubble spaces. 
This occurred as a function of rapid expansion of Halimeda cover on Kandahalagalaa 
reef especially beneath and between the branches of dead branching Acropora (Figure 
5.1 and 4.1).  
This population shift in the southern Maldives has increased sediment generation rates 
by Halimeda, and the total magnitude of sediment produced for islands immediately 
following the disturbance event. The sediment yields which result from biological and 
physical erosion of dead substrate and increased macroalgae presence but can 
temporarily exceed the yields produced by unbleached reefs. (Perry, et al, 2011; Perry, 
et al., 2020).  It is less clear over what time scale which this higher sediment production 
Figure 5.1 H. macrophysa, and H. micronesica (indicated in red boxes) meadow 
growing off north forereef rubble descending into the interior of Huvadhu atoll. 
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rate scenario will persist, due to the rate of recovery of coral reef communities based off 
recovery trends from the 1998 bleaching (Perry, et al., 2020). 
5.2.1 Drivers of spatial variation in Halimeda 
With wave exposure a major determinant that controls the development of coral reef 
community growth, where wave exposure is greater on the windward reef (north) this 
optimises mixing and nutrient uptake and exchange which has encouraged Halimeda 
growth on Kandahalagalaa platform (Figure 4.2) (Grigg, 1998). Both H. macrophysa and 
H. micronesica are semi-cryptic, hard dwelling species with small holdfasts but differ in 
terms of the plant segment size (Perry, et al., 2016). H. micronesica grows in greater 
abundance across the reef crest compared to H. macrophysa which was observed instead 
as the predominant species descending off the forereef into the atoll lagoon (Figure 4.1 
and Section 4.2). H. macrophysa is a solitary plant with large, segmented lobes, 
commonly associated with Acropora beds along the depth gradient and typically located 
within rubble framework crevices and segments of this plant are more lightly calcified 
than H. micronesica (Castro-Sanguino, et al., 2016; Perry, et al., 2016). It is however 
unclear why H. micronesica shows a preference for growth on the northern reef (p value 
= 0.00) while H. macrophysa shows no statistical relationship to either sample location 
(p value = 0.24), but the proximity of Kandahalagalaa platform to the atoll rim and pre-
existing differences in local environmental factors between the northern and southern 
reef rims, such as wave conditions, nutrient mixing from high water-flow rates and reef 
complexities creating different habits are worthy of further investigation (Drew, 1983; 
Larned, 1998; Turner, 2018).  
Macroalgae were considered inconspicuous members of most coral reef communities 
prior to the 1980s as invertebrates were primarily focused on (Kuffner, et al., 2006). 
Emerging research has since identified the species can provide highly efficient protection 
against wave and current action through the formation of dense tangles on reef surfaces 
and a directly supply of carbonate sediments to reef islands (Fujita, et al., 2009; Vieira, 
et al., 2016). The relative abundance of macroalgae present is directly related to coral 
reef status and geography as reefs in poor health generally exhibit higher percentages of 
macroalgae to coral  (Vieira, et al., 2016). However, Halimeda play a variety of 
significant roles in healthy reef ecosystems. The macroalgae act as key coral reef 
engineers, and significantly contribute to the structure of coral reefs as (1) primary 
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producers, (2) reef builders, (3) sediment producers, and (4) autogenic engineers. 
Halimeda also largely contribute to sediment production due to bioerosion and other 
biological, physical, and chemical erosional processes (Vieira, et al., 2016).  
The relative role of living Halimeda as a carbonate sediment producer has increased 
following the 2016 disturbance, with a recorded expansion of cover, especially beneath 
and between branches of dead branching Acropora (Perry, et al., 2020). Halimeda 
presence can promote hard coral cover and suggest that coral-CCA interactions can 
generate positive benefits to coral reef ecosystems (Brown, et al., 2017). When 
considered globally, carbonate sediments produced from Halimeda species account for 
an estimated 8% of total global production (Fong and Paul, 2011; Vieira, et al., 2016). It 
is likely that the presence of coral habitats which provide refuge for Halimeda may 
increase the overall production of Halimeda derived carbonate sediments (Castro-
Sanguino, et al., 2016). This was seen as the case on Kandahalagalaa platform with the 
2016 bleaching clearing a large area of reef substrate for Halimeda expansion (Perry, et 
al., 2020).   
 
5.3 Sediment on Kandahalagalaa Platform 
A sedimentary analysis of the Kandahalagalaa platform and island was performed to 
identify the textural characteristics and identify the relative potential of Halimeda 
existing within the island structure. This research objective was addressed through 
sampling and grain size analysis to examine the dynamics of sand components present 
analysed through sieving which provided a weight-based breakdown of the size 
characteristics present. Kandahalagalaa reef platform was divided into five key 
geomorphic areas (Figure 3.3) based on different reef platform zones on Kandahalagalaa 
as identified by Liang (2016) and Turner (2018). This allowed the sedimentary 
characteristics to be defined across the platform and differentiate between wave 
influenced and island location sediments. Kandahalagalaa island was also analysed to 
identify if whole Halimeda plates existed in the island structure, and the amount of silt-
mud sized sediments, of which a portion is assumed to be Halimeda, were incorporated 
into the island. A detailed analysis of the mud fraction (<63 µm) was out of the scope of 
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this study and due to wave energy, and a small contribution by the 63 µm size class, it is 
likely that this fraction is transported off reef. 
5.3.1 Textural analysis of Kandahalagalaa platform lagoon 
Sediment texture is strongly controlled by the interplay between reef-flat geomorphology 
and hydrodynamic energy (Swinchatt, 1965). The control on the textural properties of 
the Kandahalagalaa reef is particularly evident within the reef crest and the platform 
lagoon zones due to the noticeable changes in the sediment textural properties (Figure 
4.3). The least worked sediments existed on the reef crest (particularly on the north 
section of the reef), with all samples collected containing broken or full Halimeda plates, 
due to being the primary point of deposition as a strong presence of bioherms is present 
directly behind the outer reef (Section 4.3.1, Figure 4.5(E)). Conversely the greatest 
proportion of fine sand sediments within the reef platform were located within the upper 
beach (Figure 5.5, Table 3).  
Reef platform sedimentation is directly forced by reef induced spatial variations in wave 
energy, which influences transportation and reworking of reef top sediments (Kench, et 
al., 2006; Lentz, et al., 2016). The outer sub-environment (Figure 3.3) of Kandahalagalaa 
platform is relatively free of silt sized sediment (3.05 % from eight samples < 90 µm 
Figure 4.6). In the high-energy regions of the reef, finer grades of sediment are removed 
and carried in suspension to quieter regions, leaving behind lag gravels and sands (Jones, 
2012). This is due to the lack of current near the platform bottom which is prohibiting 
the resuspension and travel of most material from its initial place of deposition 
(Swinchatt, 1965).  
The composition of reef flat sediments can broadly be defined as medium sand with 
coarse sand only present on the reef crest, with coral and Halimeda present throughout 
surficial deposits (Section 5.3.1). Coarse sediments will dominate in a community of 
organisms with rapid carbonate production and short life spans (Jindrich, 1969). Highly 
productive reefs such as the study site, are typically covered in diverse species 
assemblages, including Halimeda due to the species potential to withstand wave impact 
(Fong and Paul, 2011). Due to a short lifespan and evidence of a long post-mortem 
residence within the swash system (Section 5.4), Halimeda was more likely to exist on 
the outer platform where there is an absence of hydrodynamic flow (Swinchatt, 1965).  
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However, wave processes are not uniform around the island shoreline and accounts for 
differences seen in the sediment characteristics between the northern and southern 
platform faces (Figures 4.6-10, 4.12-14, and Figure 5.3) (Kench and Brander, 2006b). 
The length of platform lagoon and the wave-driven currents present here have a major 
influence on sediment flushing and determining community distribution and production 
rates and sediments tended to be transported inward towards the lagoon (Hearn, 1999; 
Hamylton, et al., 2016).  
Observed sediment grain sizes across the platform revealed coarser sand deposits in the 
energetic lower beach and reef crest heavily laden with Halimeda, with decreasing grain 
sizes both towards deeper water in the platform lagoon and shoreward on the upper beach 
(Figure 4.3 and 4.4) (Hamylton, et al., 2016). This deposition of larger particles in the 
swash zone is due to higher entrainment velocities typically dominating outer reefs and 
platform lagoons, and separation of the sedimentary components through winnowing 
(Jones, 2012; Hamylton, et al., 2016). The total amount of work performed in a reef is 
however determined by the individual capacity of the total wave energy and available 
sediment supply and the presence of a reef island on reef flats likely result in weaker 
water circulation in nearshore zones, which can also limit sediment distribution 
(Yamano, et al., 2005; Fujita, et al., 2009). 
The inner sub environment, as seen on the upper beach on Kandahalagalaa, is 
characterised by greater amounts of fine sand (Section 4.3.1, Figure 4.5(E)). Results 
show that the sandy habitats (lower beach and upper beach) had lower mean grain sizes 
than the outer reef and other submerged (platform lagoon and inner lagoon) sites (Tables 
4.5 and 4.6) with the predominant sand size on the upper beach 250 µm, this location 
also contained the smallest mean grain size (295.7 µm) (Figure 4.5(D)). Fine sands are 
lifted further above the base of turbulent breakers on reef shorelines and are more likely 
to be subsequently swept across the beach face away from the lower beach (Hamylton, 
et al., 2016). Mean grain size is affected by wave energy but for beach deposits the sorting 
values are nearly constant, and surf action has a constant sorting capacity (although surf 
action may vary). This has allowed locations such as the upper beach, and vegetation line 
and inner vegetation to have more well sorted sediments (Figure 4.15) (Jones, 2012).  
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5.3.2 Textural analysis of Kandahalagalaa island  
On Kandahalagalaa island the sediments were sampled at the vegetation line, 0.5 m depth 
into the vegetation line (Figure 5.2(A)) and 10 m into the vegetation (classed as the inner 
vegetation) (Figure 5.2(B)). These sites were chosen due to their likelihood for sediments 
to be incorporated and less likely to be removed from the system in these locations. While 
Halimeda clasts were abundant in the outer reef environment, full platelets were not seen 
to be incorporated into the reef island complex with sediment samples from the 
vegetation line, 0.5 m depth into the island and the inner vegetation exhibiting minimal 
sediments greater than 1000 µm (Figure 4.11). Samples tended to be increasingly sorted 
the further they were transported (p value = 0.00) (Figure 4.15), due to gradients in 
hydrodynamic energy and associated entrainment thresholds with the size of the sediment 
present (Hamylton, et al., 2016). 
Sediment of Kandahalagalaa island was typically medium sand and moderately to well 
sorted. The mean grain sizes were between 302.9 – 343.2 µm and had excessively peaked 
distributions, due to more dominant fine populations (Section 4.3.2,) with very fine sand 
largely absent from the island sedimentary complex (Figures 4.12, 4.13, 4.14). Most 
sediments present within atoll interior islands in this area of the Maldives are typically 
made up of mainly medium– to coarse-grained sands (Perry, et al., 2020). Conditions for 
island sediment accumulation requires physical processes to transport sediments such as 
waves and currents, as well as sediment supply (Kench, et al., 2006). Coral grains are 
typically widespread between all sediment classes (fine- to coarse- grain sediments) but 
are best represented in the coarse- to medium-sized sand (Flood and Scoffin, 1978). With 
no identifiable Halimeda clasts present in island samples (Figure 4.11) it is assumed that 
there is a long temporal gap between organism death and deposition as corals and 
coralline algae typically contribute between 60-70 % of island sediments and have a high 
resistance to fragmentation (Mitchell-Tapping, 1981; Kench, et al., 2005; Yamano, et al., 







Figure 5.2 (A) Kandahalagalaa island as of February 2019 vegetation line with an open 
pit down to 0.5 m depth for the associated sample. (B) 10 m into the vegetation line 





Changes in the contributors to the sediment complex can have important implications for 
adjacent reef landforms within atoll reef settings that are solely sustained by reef-derived 
sediment supplies. Forcing the sedimentary characteristics of Kandahalagalaa island is 
not only the mode of production, but the characteristics of constituent construction, and 
importantly the processes affecting deposition, such as storm events (Swinchatt, 1965). 
These local shifts in sediment contributing assemblages reflect the subtle shift 
occurrences in nearby carbonate producers on rubble surfaces, such as increased 
Halimeda presence (Figure 4.2) (Morgan and Kench, 2016).  
5.3.3 Sediment transport on Kandahalagalaa affecting geomorphic zone sedimentation 
As island formation and continued island development are largely determined by the 
hydrodynamic process regime present across an atoll, the transportation of sediment to 
the depositional centres on a reef surfaces through waves, winds and tides is a critical 
process to understand (Yamano, et al., 2005; Mandlier and Kench, 2012). As spatial 
differences in wave energies governing the entrainment potential and resultant transport 
of sediments across reef surfaces, variable sized and shaped materials are moved at 
different rates creating differences between key geomorphic zones. With differences in 
wave energies driving spatial patterning of sediments on reefs, larger sized clasts are 
typically found at the more energetic seaward locations such as the reef crest (Table 4.2), 
and sand sized materials are likely to settle in low energy zones, such as the platform 
lagoon (Figure 4.5(B), Table 4.3) (Mandlier and Kench, 2012).  
Based off 3D modelling of wave refraction and convergence on reef platforms by 
Mandlier and Kench (2012) the deposition of sediments is likely to occur within an 
envelope on a reef surface between the high and low convergence zones. On circular 
reefs, such as the one present at Kandahalagalaa the deposition of sediments is likely to 
occur between the high and low energy convergence zones, and likely has played a role 
in the morphological development and characteristics of the island. Kandahalagalaa as a 
circular reef platform is more likely to under-go geomorphic changes due to subtle shifts 
in the direction of incidence wave approaches (Mandlier and Kench, 2012).  
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Circular islands within a central atoll which are located close to the centre of their 
platform, such as Kandahalagalaa, typically experience near equal amounts of wave 
energy from the west and east and the circular nature of the reef platform controls wave 
refraction and wave convergence (Kench, et al., 2006). These islands clearly show an 
increased morphological instability, and the likely position of Kandahalagalaa is 
influenced by this wave refraction system, moving it to the leeward reef edge and 
allowing for a primary zone of accumulation and larger sediments on the windward 
northern reef (Figure 5.3) (Mandlier and Kench, 2012). This allows for sediments to be 
retained on the reef platform (sand apron) rather than being transported off reef, which 
are subsequently transported to island shorelines allowing these geomorphic features to 
occupy a large proportion of their reef platform (Kench, et al., 2006).  
As the direction of incoming waves changes with changing monsoon seasons islands can 
be subject to more altered nearshore wave conditions which is likely to affect the 
sediment entrainment and transport potential on reef surfaces and across island shorelines 
(Kench, et al., 2009). With the location of Kandahalagalaa within the atoll interior it is 
relatively sheltered from oceanic wave energy fluxes, however the lagoon experiences a 
windward north and leeward south despite being close (approximately 2.80 km) to the 
southern rim of the atoll. Swell energy is developed over a potential maximum 76 km 
from the northern (windward) rim of Huvadhu atoll through the refraction of ocean swells 
and wind waves, while the southern (leeward) side of the platform depends on waves and 
currents from wind and wave ocean swells and is semi-sheltered by the southern rim of 
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Figure 5.3 Linear regression between mean grain size and sorting, based on their 
northern (left) or southern (right) orientation in relation to Kandahalagalaa platform. 
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responsible for transporting and reworking most of the sand-sized sediment from the 
windward reef, and the primary mechanism for the entrainment of sand-sized 
foraminifera is the propagation of gravity-wave energy which in turn is tidally 
modulated, however less than 40% of wave energy makes it onto reef platforms due to 
attenuation at the reef edge (Dawson and Smithers, 2014; Kench, et al., 2006). Windward 
reef aprons are usually greater in extant than the leeward counterparts within the same 
atoll, this shows the relative importance of wind-induced current transport in the 
windward rate of reef debris production for atolls (Purdy and Gischler, 2005). 
Incidence waves and their interactions with a coral reef platform are identified as the 
main mechanism controlling the formation and stability of associated low-lying coral 
reef islands (Kench, et al., 2009). Despite a large energy loss at the reef edge from 
incoming waves, residual wave energy still leaks onto reef flat surfaces and has the 
greatest impact for transportation and working at high tide (Kench, et al., 2009). Residual 
energy in reefs is however dependant on a combination of factors, including reef 
elevation, the total range and incident wave energy (Kench, et al., 2006). Mud-silt-sized 
sediments are largely absent within the island complex (Figure 4.4) and suggests that the 
hydrodynamic energy is sufficient to entrain and transport finer sediments across and off 
the reef platform at Kandahalagalaa (Dawson and Smithers, 2014). For each tidal cycle 
there is a temporal window where waves of sufficient energy can stimulate sediment 
entrainment and transport at the island shoreline for reef platforms causing increased 
sorting towards the island complex (Figure 4.15), due to incident gravity propagating and 
transforming towards the island shoreline under mid- to high-tide stages (Kench, et al., 
2009). 
Water circulation within a reef lagoon is driven by predominantly winds, tides, and 
buoyancy (Hearn, 1999). Reef width has also been identified as having a major control 
on the decay in wave energy as waves propagate across reefs with windward shorelines 
experiencing a combination of swell and wind wave energy increasing the total energy 
output and controlling differences in the reef flat development, and reef morphology 
(Yamano, et al., 2003; Kench, et al., 2009). Higher wave exposure on the northern edge 
of Kandahalagalaa platform may also explain why textural properties (mean grain size 
and sorting) at the windward site were different than the leeward sites (Figure 5.3). This 
is likely due to an increased frequency of over wash events and greater sediment 
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reworking occurring through processes of rollover, as material is eroded from the reef 
framework and deposited towards lower energy zones (Woodroffe, et al., 1999; East, et 
al., 2016).  
Halimeda is estimated to contribute up to 5 % of island sediments in the Maldives, with 
predominantly medium to coarse sand derived from the breakdown of Halimeda, and 
very fine to fine sand contributed through parrotfish bioerosion (Castro-Sanguino, et al., 
2020). The resulting contributions from Halimeda are volumetrically unimportant within 
the island sediment reserviours as a large percentage (between 75 – 90 %) is broken down 
to silt to clay sized sediments and flushed off-reef (Perry, et al., 2016). As H. macrophysa 
differs in abundance (Figure 5.1), morphology, and toughness to H. micronesica (Castro-
Sanguino, et al., 2020), it is assumed that higher susceptibility to grazing has caused 
differences in the contributions to sediment stored within Kandahalagalaa platform island 
between species.  
 
5.4 Breakdown rates of post-mortem Halimeda under simulated reef 
platform conditions 
This thesis is focused primarily on the durability of post-mortem Halimeda clasts in a 
simulated swash environment. Given the reported relevance of Halimeda  to the overall 
carbonate sediment budget, and the estimated ongoing ecological and environmental 
changes that may increase Halimeda plant abundances, there has been a large knowledge 
gap remaining on the breakdown of Halimeda due to the current rates derived from a) a 
single study of H. incrassata with the data being assumed as representative of the genera 
as a whole (Perry, et al., 2016), and b) a study using industrial abrasives to accelerate the 
abrasion process (Ford and Kench, 2012). With the use of tumbling barrels results 
provide an assessment of post-mortem Halimeda breakdown and abrasion processes to 
determine the relative durability using sand to better represent swash conditions.  
5.4.1 Previous estimates of Halimeda breakdown 
Results provide an assessment of the durability of port-mortem Halimeda found on 
Kandahalagalaa platform directly behind the reef crest in the immediate place of 
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deposition (Section 4.4). Furthermore, results allow the breakdown rate of Halimeda to 
be evaluated for potential contributions to low-lying tropical island sediment reserves, 
with respect to the sedimentary complex currently present within Kandahalagalaa island. 
Large variations in durability of Halimeda have been identified in previous tumbling 
experiments (Table 5.1). Perry, et al., (2016) found a complete breakdown of H. 
macrophysa and nearly a full breakdown of H. micronesica after 21 days on a see-saw 
rocker, while Ford and Kench (2012) found that Halimeda constituents were completely 
abraded within 20 hrs of tumbling when using an industrial abrasive (Aluminium Oxide). 
Kotler, et al., (1992) found Halimeda underwent shallow test surface degradation with 
80% of the test surface of constituents used affected by after 1000 hours when tumbled 
with other reef material. Moberly (1968) also observed destruction of Halimeda through 




Table 5.1 Summary comparing Halimeda breakdown rate studies presented through 
time, including the type of abrasive and apparatus used, and the time analysed. 
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The type of tumbling barrel experiments used were performed to examine two key 
changes which affect Halimeda remains on reefs, firstly the weight loss after T0 due to 
exposure to swash simulated mechanical abrasion and to visually examine the physical 
changes Halimeda platelets undergo through transportation. This was performed in a 
laboratory due to the inability to monitor this in field through tracing individual Halimeda 
plates, using locally sourced CaCO3 sediment (less than 1000 µm). This is the key 
difference between Ford and Kench (2012) who used 1 mm Al2O3. Together, results were 
used to determine the durability of Halimeda platelets post-mortem and assess the 
relative potential of Halimeda sp. present on Kandahalagalaa platform as significant 
contributors to the associated platform island sediment complex. The breakdown 
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experiments on Halimeda shows the importance of understanding the species specific 
breakdown patterns in terms of predicting potential sedimentary contributions (Perry, et 
al., 2016). An increased durability can allow for transportation of skeletal remains from 
beyond areas of production, and skeletal remains can become spatially averaged 
throughout platform sediments. Halimeda durability was previously assumed to be low 
(Moberly, 1968; Ford and Kench, 2012), however results from this study indicate that 
there is a relatively high durability when more realistic abrasive conditions are 
considered.  
5.4.2 Methodological considerations  
This study has adopted tumbling apparatus and abrasive based on cost, and a study by 
Ford and Kench (2012), where it was noted that there can be considerable benefit offered 
when using ‘off the shelf’ apparatus over constructed equipment to increase the ability 
of methodological replication. Higher energy tumbling barrels simulate high impact 
collisions. This would create more violent disturbance of clasts and better represents 
storm conditions. The apparatus used however gave a gentle stimulation of material 
through time and is more likely to represent conditions on Kandahalagalaa platform in a 
relatively storm-free environment, due to proximity to the equator. Results show a 
repeatable methodology which has presented repeatable results, isolating the process of 
mechanical abrasion, and showing the potential for continued abrasion work to be greatly 
increased with repeatable methods adopted. 
Historically tumbling barrels have used a variety of laboratory equipment, as a result 
there are no direct comparisons available between apparatus performance as most 
experimental designs have used a singular tumbling apparatus (Table 2.3) (Lewin and 
Brewer, 2002). This has left continued doubt on whether tumbling barrel experiments 
can realistically replicate the totality of field abrasion processes (Lewin and Brewer, 
2002). Interpreting tumbling barrel methods with reference to reef-flat processes is also 
particularly difficult, due to the scaling and wear measures of transport in the field, and 
the majority of distances travelled calculated are developed for riverbed sediment 
durability studies under unidirectional flow (Wentworth, 1919; Kuenen, 1956; Schumm 




These findings highlight the important of accurate simulated mechanical abrasion where 
field studies cannot be conducted, as actual breakdown rates have differed significantly 
from other Halimeda abrasion studies (Moberly, 1968; Mitchell-Tapping, 1981; Kotler, 
et al., 1992; Ford and Kench, 2012). Experiments should be standardised as much as 
possible to allow for comparable results, as previous studies concerning abrasion in part, 
have applied widely different methods to the study. This has left the ability to make 
meaningful comparisons between environments, using the same experimental charges 
very difficult (Walker and Goldstein, 1999).  
The type of abrasive used considered the likely environment in which Halimeda 
segments would typically reside in, in order to simulate the most realistic environment 
when in field observations could not be made. The use of industrial abrasives such as 
garnet or Al2O3 used in Ford and Kench (2012), or no abrasives used in Perry, et al., 
(2016) did not produce ideal environments for estimating abrasion rates due to either 
accelerate or slow abrasion rates. Kotler, et al., (1992) used carbonate sands however the 
use of a shaking table did not provide sufficient rolling and saltation movement which 
would be found occurring within a tumbling barrel.  
The assumed relationship between tumbling time and distance travelled is necessary to 
identify for every apparatus used, due to changes in the circumference and diameter of 
the equipment, as well as for differences between interior surfaces. This was estimated 
for Lorntone QT-66 10-sided tumbling barrels by Ford and Kench (2012) through visual 
analysis and can be directly applied to this study. The transport across reef flats is 
however a direct function of the ability of hydrodynamic flows, is both unidirectional 
and oscillatory, capable of entrainment and transport, and is important to consider when 
making conclusions on distance travelled.  
5.4.3 Physical durability  
Results showed on average Halimeda reduced in weight less than 20 % from 100 g 
samples after T500 hours tumbling in a simulted swash environment with no more than 
18.51 % weight loss from any experiment. Kotler, et al. (1992) also identifed Halimeda 
as a more durable test surface with 80 % of surface breakdown on Halimeda grains after 
1000 hours on a shaking table, but no complete destruction through mechanical abrasion 
(Table 5.1). Decay experiments through time indicate that the rate of taphonomic change 
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is not linear (Briggs, 1995). Simulated abrasion resistance studies of Halimeda 
constituents previously suggested an easily abraded, soft carbonate material (Chave, 
1960; Moberly, 1968; Mitchell-Tapping, 1981; Ford and Kench, 2012) which was 
quickly incorporated or lost from reef systems. Results from this study indicate that the 
calcifying maroalgae is significantly more durable than previously reported and identifies 
a greater period of time between deposition from lviing assemblages and integration of 
the final abrasive product of Haliemda into reef island complexes.  
Results show that when isolating the process of mechanical abrasion (from dissolution 
and bioerosion) following other tumbling barrels studies (Table 5.1), Halimeda was 
durable and reduced to 82.27 ± 0.45 % of the total samples analysed at T500 (an average 
17.72 % weight loss). Abrasion was noticeably more rapid in the fines, as there became 
an absence of smaller plates further into the tumbling time, due to the fibrous and specular 
aragonitic structure (Section 4.4.3). Larger Halimeda clasts have a lower initial velocity 
and likely do not achieve the same rate of travel as smaller clasts after the same tumbling 
time (Figure 4.18) (Moberly, 1968; Lewin and Brewer, 2002). 
The mode of abrasion used in this study represents a regular gentle abrasion conditions 
and does not account for storm events which produce more high- energy wave conditions 
and remove segments from colonies and holdfasts en masse. Carbonate cycling processes 
can exert a destructive influence on reef-related carbonate accumulation, and a range of 
destructive physical processes are important in understanding contributors to net CaCO3 
accumulation rates (Perry, et al., 2008). Due to the geographic location of 
Kandahalagalaa platform within the atoll interior (Figure 3.1) a typically storm free 
environment, the type of abrasion used was assumed to be representative of typical 
platform conditions (Kench, et al., 2006; Woodroffe, 2008; Liang, et al., 2016).  
During abrasion Halimeda segments are progressively fragmented (Figure 4.18), with 
the ultimate stages of breakdown to needle mid-sized sediments (Neumann and Land, 
1975; Debenay, et al., 1999). Island sediments analysed contained low amounts of very 
coarse sand (< 1000 µm) and minimal silt contributions (Figure 4.4). However, with high 
amounts of coarse and medium sand present in the lower beach as the primary swash 
zone, this has allowed proportions of fractured plates to be partially disaggregated and 
either lost off-reef or supplied to the island episodically as medium sands (Perry, et al., 
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2015a). There is a further need to not only understand the sediment sizes produced by 
Halimeda through time, but also the transportability and likely pathways of which 
Halimeda enter once moved and worked through the forereef to the beach zone. With a 
longer durability than previously assumed, it is likely that Halimeda has a greater 
likelihood to travel to the beach zone and continue to be worked and incorporated into 
the island sediment.  
Abrasion studies that use tumbling barrels can increase the abrasion potential on a test 
subject as typically the abrasion of a particle is controlled in part by the distributions of 
the material in which it is associated with, and tumbling barrels create closed systems for 
sediment reworking to occur without losses (Wentworth, 1919). Where there has been an 
increase in the mean size of the associated abrasing material there has been a reported 
increase in the rate of abrasion seen (Wentworth, 1919). Studies presented in Table 5.1 
have used abrasive tools much larger and stronger than reef sediment which was likely 
present on the source reefs. For this reason, to best simulate a likely rate that reflected 
the environment samples were collected from, it was important to replicate the size and 
origin of sand that the Halimeda was derived from as the abrasive agent. Studies such as 
those seen in Table 5.1 have used abrasive tools much larger and stronger than  
Similar to results from Ford and Kench (2012) results in this study showed Halimeda 
was most rapidly abraded at the start of the experiments and ranged from 0.88 to 8.29 % 
weight loss in the first 24 hours (Figure 4.16). However, the rates of plate breakdown 
slowed through the experimental period, likely related to the initial post-mortem 
morphology of Halimeda, types of abrasives used (CaCO3 sediment in this study and 
Al2O3 in Ford and Kench, 2012) and types of abrasion occurring (Section 4.4.3). Perry, 
et al., (2016) performed a similar experiment for a similar duration (21 days) using a see-
saw rocker at 28 oscillations/min and found a complete destruction of H. macrophysa 
and some relatively unbroken or partially fragmented segments of H. micronesica 
remained after experimentation. This study determined that it is likely that segments from 
H. micronesica are more likely to persist in the long-term sedimentary record, as 




Tumbling barrel experiments typically detail weight loss through time as a means of 
establishing the durability of a constituent. Experimental results have shown that 
Halimeda is not a soft, or easily erodible material as when abraded using source 
environment material Halimeda showed remarkable durability and remained largely 
intact (82.27 ± 0.45 % of samples remaining at T500) in this environment for over 500 
hours. When coupled with plant density data and plant turnover rates from Perry, et al., 
(2020), this durability information can provide measures of Halimeda being produced 
within a reef system and to aid estimating carbonate production through time. These 
broad findings can be applicable to other tropical reef platform settings containing mass 
abundances of Halimeda as results clearly show a durable post-mortem Halimeda.  
5.4.4 Effects of the mechanical breakdown on skeletal reef materials 
The tumbling barrel approach allows for the identification of the types of physical 
breakdown occurring on Halimeda plates from mechanical abrasion. The breakdown of 
Halimeda and its concentration into different sedimentary size fractions is in part a 
function of the sorting potential of an environment, but also the structural characteristics 
according to the Sorby principle (Jones, 2012). Using classifications adapted from 
Kotler, et al., (1992) and Shroba (1993) the taphonomic features occurring was quantified 
through time. 
The complexities of the mechanical breakdown process have been unknown, however 
general characteristics were relatively clear as mechanical abrasion is the principal 
mechanism of size reduction in the outer area (Swinchatt, 1965). Particular attention has 
been given to post-mortem transport and the redistribution of foraminiferal faunas and 
mechanisms of taphonomic changes (Swinchatt, 1965; Kotler, et al., 1992; Shroba, 
1993). The conversion of organisms to sediment is a non-continuous function, does not 
occur as a linear function, and occurs according to species individual skeletal architecture 
known as the Sorby Principle (Sorby, 1879). While significant, this principle is one of 
many factors influencing grain size distribution and its relative importance may be 
overshadowed by others which are involved in the formation of more texturally mature 
sediments (Jones, 2012). Due to the nature of Halimeda flakes and segments used in the 
experiments, and those already being disarticulated from the initial colony state the 
abrasion process could be considered as already begun. This approach can affect the 
assumption of the Sorby principle occurring within results due to breakdown from 
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immediate death already in motion. To better apply the Sorby principle to Halimeda 
species, individual species need to be monitored throughout growth and death due to the 
progressive classification and deposition of individual segments from plants. Alongside 
this a microstructural analysis of individual Halimeda segments should be monitored 
through death and abrasion to monitor any processes of recrystallisation occurring 
(Wizemann, et al., 2015).  
Small lineages of Halimeda species have previously shown a likelihood to become 
preserved in the system, compared to large sized particulates (> 2 cm diameter) which 
rapidly break apart and form needle mud which can only be identified by scanning 
electron microscopy (Wizemann, et al., 2015). When exposed to mechanical abrasion 
Halimeda breaks down to predominantly fine sand- to silt-sized fractions (Chave, 1960; 
Fold and Robles, 1964; Swinchatt, 1965; Perry, et al., 2016). With 0.19 % of 
Kandahalagalaa sediments analysed smaller than 90 µm (Figures 4.3, 4.4) this identifies 
a key lack of Halimeda that has been broken down, past the initial point of deposition at 
the reef crest remaining within the Kandahalagalaa reef platform and island complexes. 
Identifying the species within the island sediment complex is out of the scope of this 
study and due to high wave energy, this fraction is likely often transported off the reef. 
Despite the levels of degradation of Halimeda segment surface through abrasion (Table 
4.10, Figure 4.18.6), the segments were easily recognisable at the termination of the 
experiment (T500). 
Segments used for abrasion analysis showed porous surface structures, which gives 
evidence that the external morphological segment shape is similar to that of its living 
state (Wizemann, et al., 2015). Typical segment shapes were altered from a “butterfly” 
or “fan-like” shape (Wizemann, et al., 2015), to less circular after 100 hours of tumbling 
and abrasion (Figure 4.18.1(A), 4.19.4(A)). Due to a strong primary cementation of 
Halimeda segments affecting the internal CaCO3, these are unlikely to easily disintegrate 
into the surrounding sediment (Wizemann, et al., 2015).  
5.4.5 Types of abrasion  
Post-mortem Halimeda very quickly underwent surface abrasion within 50 hours of 
abrasion experiments due removal of the weakened portions of the microstructure of the 
plant segments (Figure 4.18.3). Specifically, segments underwent flaking and pitting on 
123 
 
the exterior walls to expose the interior skeleton as the segment exteriors, composed of 
thin sections of calcium carbonate surrounding a complex skeleton of interweaving 
filaments thin through time and are abraded and scraped away (Borowitzka and Larkum, 
1976). Calcium carbonate grains with recognizable organic structures are easily 
attributed to organic disintegration or mechanical breakdown (Force, 1969). This initial 
stage of surface abrasion is due to a loss in the small peripheral primary utricles and the 
primary IUS which form the porous surface microstructure seen within Halimeda 
segments (Wizemann, et al., 2015). Grain skeletal structure appears to be a significant 
factor influencing grain susceptibility to individual processes such as abrasion, 
dissolution, and recrystallisation (secondary cementation) (Perry, 2000). Halimeda is 
likely to remain within the Kandahalagalaa reef lagoon for a long period of time as full 
segments (Section 4.4) than previously assumed by Ford and Kench (2012).  
Few papers have dealt with the possible information which is stored in the surface 
textures of foraminifera, and how Halimeda breaks down and the resultant products is 
poorly known (Swinchatt, 1965; Force, 1969; Kotler, et al., 1992; Walker and Goldstein, 
1999; Wizemann, et al., 2015; Perry, et al., 2016). Complexities of the processes driving 
mechanical breakdown in Halimeda can be identified as more comprehensive evidence 
is identified though the depositional environment segments are likely to remain in. 
Mechanical breakdown has previously been identified as the principal mechanism (over 
biological breakdown) of size reduction on the outer area of Halimeda plates through 
transportation, bioturbation, and/or the reworking which may affect skeletal parts before 
burial (Swinchatt, 1965; Peebles and Lewis, 1991). Once removed from the colony 
branches Halimeda deposited behind the Kandahalagalaa reef as well as in-between 
cryptic spaces were visually identified collecting in bioherms. Currents and turbulence 
produced by wind and breaking waves are strongest on the reef crest and decrease in 
energy as water moves into the lagoon platform where post-mortem Halimeda typically 
settles (Swinchatt, 1965). With the isolation of mechanical abrasion processes for 
Halimeda breakdown, key types of breakdown and the production for siliceous clastic 
particles can be identified (Swinchatt, 1965). This process of entrainment and 
transportation of reef-derived sediment that drives physical destruction is important in 




In general, the abrasion features after 500 hours showed segments heavily pitted and 
cracked with surface scratching common as plates continued to show a more textured 
surface (Figure 4.18.6(A)) and all five types of abrasion previously outlined in Section 
3.8.3, pitting, flaking, breakage, scalloping, and cracks. As the outer segment layer is 
abraded off and the skeletal part is subjected to current action or disintegrated from lack 
of cohesion this can result in the production of fine sediment and reduction in particle 
size. This is a continuous process with a weak outer layer continuously disappearing 
through abrasion or disintegration (Swinchatt, 1965). However, Walker and Goldstein 
(1999) also identified that over 1000 to 2000 hours of tumbling was required to abrade 
or destroy small foraminifera (such as Halimeda) from carbonate settings (Peebles and 
Lewis, 1991; Kotler, et al., 1992).   
Through identifying specific abrasion features and resistance to abrasion through time 
and distance travelled in tumbling barrel experiments such as those presented in Section 
4.4.3, these could be used to define the relative amount of abrasion and transport of 
segments found in fossil assemblages (Peebles and Lewis, 1991; Kotler, et al., 1992). 
However, it is important to consider dissolution of segments as coupled together abrasion 
and dissolution can often be a more effective taphonomic process due to dissolution 
weakening tests (Kotler, at al., 1992).  
 
5.5 Sediment generation by Halimeda and potential contributions to 
reef landform development  
Results from this study showed that Halimeda is a more durable reef substance that 
previously reported (Moberly, 1968; Ford and Kench, 2012), when more realistic 
abrasive conditions are considered. While Halimeda segments were durable, there was a 
noticeable lack of identifiable segments incorporated within the island sedimentary 
complex (Section 4.2) when a grain size analysis was conducted. There was also a lack 
of fine sand and silt found within island sediments analysed in this study (Figure 4.11), 
which is the final breakdown product of Halimeda after complete breakdown 
(Wizemann, et al., 2015). There is a missing link in understanding the transportation 
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processes of Halimeda past the point of deposition and after breakdown as plates and 
fine sediment are not found in the island complex. 
Central to the ongoing stability or growth of reef islands is the production of reef-derived 
sediments, and the transfer and redistribution of them from the adjacent benthic 
communities which they have grown on (Morgan and Kench, 2016). The development 
and formation of a coral reef island is controlled, in part by the production and direct 
supply of detritus and driven by the ecological processes that occur in the reef flat 
(Kench, et al., 2006; Perry, et al., 2008). The sediment available to initiate island 
formation and maintain supply is also important as it must be of suitable grade and type 
(size, shape, and density) (Morgan and Kench, 2016). With common sources of bioclastic 
mud, crystallite needles and nanograins originating from macroalgae such as Halimeda, 
the production of fine-grained sediments (> 63 um) on reefs which likely remains in the 
system from this species is low due to it being immediately flushed off reef by wave and 
tidal currents (Dawson and Smithers, 2014).  
Halimeda are highly resistant to predation from grazing organisms (Littler, et al., 1983; 
Paul and Fenical, 1983; Castro-Sanguino, et al., 2020), which may account for the 
recorded relative prominence of the fleshy macroalgae within coral communities on 
Kandahalagalaa reef (Perry, et al., 2020). While algal-dominated reef states are 
considered ‘unhealthy’ from an ecological perspective (Thinesh, et al., 2019), there is an 
importance of such coral-algal phase shifts which need to be considered in sediment 
production studies. Understanding the contributions by individual species to the sediment 
factory, while accounting for the likely environmental background is key for estimating 
rates of sediment production and export, which directly affect the morphology, stability, 
and fate of shorelines (Kench and Mann, 2017; Castro-Sanguino, et al., 2020). Physical 
abrasion is a main process occurring at shallow, fore-reef sites (Perry, 2000).  
Existing studies show that island development in the Maldives occurred rapidly over a 
time period of 1500 years during the mid-Holocene on submerged reefs when the sea 
level was 0.5 m higher than present levels (Kench, et al., 2005). Many atoll islands have 
maintained their essential dimensions through recycling shore deposits and are 
supplemented by episodic injections of sediment from tropical cyclones, waves, 
tsunamis, and distant-source swell causing over wash events (McLean and Kench, 2015). 
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The morphology of reefal carbonate sediment is strongly controlled by the skeletal 
architecture of the contributing organisms (Dawson and Smithers, 2014).  
Carbonate production and cycling occurs at the scale of the individual coral colony but 
aggregate to influence reef accretion over larger spatial units, with conversions to 
carbonate sediment aiding reef development. With rapid production of Halimeda 
segments (5.7 crops per year for H. macrophysa, and 9.7 crops per year for H. 
micronesica on Kandahalagalaa) there is a high preservation potential of Halimeda 
segments and further implications for island building (Perry, et al., 2016). These detrital 
sediments are either reincorporated into the reef framework, exported off-reef, or 
deposited within the broader reef geomorphic system to construct sedimentary landforms 
such as beaches, sand aprons and reef islands (Perry, et al., 2008; Dawson and Smithers, 
2014). Post-mortem the plant segments are released into the surrounding sediment 
reservoir as gravel to sand sized constituents (between 1 – 4 mm fractions), with a 
proportion then aggregated into mud-grade sediment (Perry, et al., 2016). Some of this 
sediment is likely to form bioherms directly behind the reef framework (Rees, et al., 
2007), and the contribution by Halimeda bioherms to tropical island sediment budgets 
can be equal to, or exceed that of corals and play a significant contribution to island 
building and carbonate platform build up (Neumann and Land, 1975; Wiman and 
McKendree, 1975; Multer, 1988; Rees, et al., 2007; Wizemann and Meyer, 2014). 
However when considering the mud proportion of sediment contributed by H. 
macrophysa and H. micronesica (an estimated 76 % of sediment <63 µm), it is likely that 
a large proportion of this is flushed off reef through wave fluxes and generally has shown 
not to settle onto Kandahalagalaa island (Figure 4.4) (Perry, et al., 2016).  
Aslam and Kench (2017) demonstrated that Kandahalagalaa island increased in area 
between 1996 and 2008, suggesting a surplus of sediment supply to Kandahalagalaa 
island from the adjacent reef community. With an increase in living and post-mortem 
Halimeda abundances in the Kandahalagalaa platform following the 2016 bleaching 
event, more abrasive material will be available for the platform island sediment supply 
(Perry, et al., 2020). The close proximity of Kandahalagalaa platform within Huvadhu 
atoll to the equator (Figure 3.1) means it seldom experiences storm events of cyclone 
intensity, however high-capacity wave events are still capable of impacting the atoll as a 
consequence of tropical depressions and low period swell events (East, et al., 2016; 
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Aslam and Kench, 2017). This would allow sufficient energy to mobilise the sand sized 
sediments present on the reef crest for travel to the platform island due to proximity to 
the southern atoll periphery and the distance waves are travelling from the northern atoll 
rim. With a lack of large coarse clastic deposits across the reef flat surface, this can signal 
a lack of fresh sediment reservoirs supplied to the island which would otherwise allow 
island shoreline maintenance (Aslam and Kench, 2017).  
Sediment transport depends on hydrodynamic forces including local waves and currents 
on a reef (Fellows, et al., 2017). Once material is transported off-reef, either through 
wave action or bioeroders, it cannot be re-incorporated back onto the platform surface 
and therefore is no longer able to be utilised for landform construction (Morgan and 
Kench, 2014). Once tumbled, Halimeda that was broken and incorporated into the 
abrasive mix was unidentifiable and is assumed to have broken down to needle and silt 
sized sediments and aragonitic flakes.  
Results from this study have provided instructive insights into the resistance of post-
mortem Halimeda clasts to mechanical swash abrasion and breakdown and highlight the 
types of breakdown Halimeda undergoes through time. Constituents which resist 
physical destruction, such as Halimeda as demonstrated in this study, for a period greater 
than that required for transportation to a zone of deposition can be dispersed and mixed 
within the permanent deposit (Ford and Kench, 2012). On atoll interior island where 
island compositions are typically Halimeda rich facies (Kench, et al., 2005), it is 
therefore important to understand the relative life of post-mortem Halimeda within reef 
systems for the development of reef platforms as well as atoll basins (Morgan and Kench, 
2014).  
More durable constituents are more likely to be present in sediments across a reef flat 
(Ford and Kench, 2012; Dawson and Smithers, 2014). Sediment size generally decreases 
with the greater the distance from the reef crest, increasing the sediment packing capacity 
seen on islands (Figure 4.16) (Fellows, et al., 2017). Least durable grains are typically 
filtered from the sediment pool, and the associated islands ultimately act as deposits for 
a restricted class of well-sorted, durable sands (Tables 4.7, 4.8, 4.9) (Dawson and 
Smithers, 2014; Perry, et al., 2015a; Morgan and Kench, 2016). This is best observed as 
there is a visible presence of Halimeda grains across the lower beach due to the grains 
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being easily transported due to a high surface-volume-to-area ratio, where grains are then 
subject to abrasion through swash processes and ground away during beach migration 
(Kench and Brander, 2006a, 2006b; Morgan and Kench, 2016). The emergence of 
Halimeda as an important carbonate producer (accounting for between 10.5 % of 
Kandahalagalaa platform and 15.9 % of habitat gross carbonate production) is still a 
novel concept but is an important indicator of a shift in budget dynamics post-bleaching 
(Turner, 2018).  
Fine sand-, silt- and mud-grained sediment produced as a result of Halimeda segment 
breakdown is likely lost off reef, due to its hydraulic properties, through swash cycling 
and sediment suspension and likely provides little contribution to island building for this 
island (Perry, et al., 2016; Castro-Sanguino, et al., 2020). Sediment analysis results from 
this study indicate that Halimeda are not significantly contributing fine-grained 
sediments to contemporary platform reef flats and islands in Huvadhu atoll as there was 
a lack of very fine sand deposited in the island complex and beach sample locations 
(Figure 4.3, 4.4). Despite a high durability found through tumbling barrel abrasion 
experiments (Figure 4.16), Halimeda did not appear to be transported to island sediment 
reservoirs as full plates were not found in island sediment samples. 
In understanding the post-mortem durability of species such as Halimeda, particularly in 
the most natural conditions it is likely to experience this can aid in the selection of 
material for radiocarbon dating (Ford and Kench, 2012). Previous dating of coral grains 
by Woodroffe, et al., (2007) have shown to be poor indicators of depositional age due to 
the lag time between death and active mixing in the sedimentary system before 
deposition. Liang (2016) identifies the need to study the possible radiocarbon age 
discrepancies which a secondary cementation by Halimeda may cause in dating island 
sediments, due to the durability of segments to withstand greater periods of transport and 
reworking, causing an age which is older than the depositional age.  
The process of secondary cementation is an indication of the relative age of a segment, 
and when combined with physical surface abrasion can occur as fast as abrasion. This 
process can enable freshly dropped Halimeda segments to persist within surface 
sediments as complete plates for extended periods of time (Wizemann, et al., 2015). This 
can account for the high preservation of Halimeda plates retrieved from Kandahalagalaa 
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platform lagoon. Recrystallisation through secondary cementation by Halimeda appears 
to be a potentially important process occurring within segmented Halimeda (Macintyre 
and Reid, 1995). The changes in minerology and the degree of grain alteration have not 
been quantified. Small aragonitic needles (2-3 µm) of Halimeda can persist within the 
skeletons of these grain types, and following their incorporation into the sediment 
complex  
It is important to consider the secondary cementation of Halimeda grains under abrasive 
conditions. Secondary cementation starts on the peripheral structures of segments and is 
the infilling of larger utricles of CaCO3 to completely cement segments (Alexandersson 
and Milliman, 1981). This occurrence is an indicator of the relative age of a segment 
rather than of sediment transport, and can occur while undergoing physical transport, or 
have previously happened while still attached to the living algae or immediately after 
death of the segment (Wizemann, et al., 2015). The rapid progress of secondary 
cementation enables freshly dropped segments to persist as complete plates within 
surface sediments for longer periods of time. This high preservation potential of well-
cemented segments should be considered when analysing durability as when exposed to 
mechanical erosion, the internal cement of more cemented grains is likely to retain their 
primary structure and outlast the outer host structure (Alexandersson and Milliman, 
1981; Wizemann, et al., 2015). Such experiments on decay and degradation of skeletons 
are important on a wider scale as they allow predictions for which taxa are likely to be 
preserved in a particular sedimentary setting (Briggs, 1995).  
Halimeda breaks down in a slower fashion, showing evidence of pitting and flaking into 
unidentifiable sediment assumed to be of silt-mud sized needle mid and aragonitic flakes 
in the Kandahalagalaa environment. It is important to expand on these timed studies of 
constituent durability, particularly using foraminifera in natural sea water at locally 
recorded sea surface temperatures to examine the in-situ effects of abrasion and the 
combined effects of abrasion and dissolution. Growth rate and mortality are key aspects 
of the life cycle of Halimeda with field estimates of this difficult to obtain due to 
unpredictable growth patterns, and differences in growth from exposed reefs to within 
Acropora beds (Castro-Sanguino, et al., 2020). 
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An important question that arises from this study is what implications this breakdown 
rate has on island sediment being produced within different grain size fractions and 
whether a sufficient amount of the fine sand and silt is being retained on the platform or 
washed offshore through wave dynamics? Tumbling barrel experiments provide key 
insights into the rate at which a reef constituent is destroyed, and the mode of destruction 
through time. This data can provide more in-depth analysis for aiding in the interpretation 
of sediment generation; therefore, this increases the interpretative power available when 
the reef flat is being assessed for sedimentary contributors and island sedimentary 
deposits.  
Most relevant from an island/shoreline maintenance perspective is the large increase, 
over a short time scale, following the 2016 bleaching event, in the amount of fine-grained 
to very coarse-grained sand being produced on southern Maldivian reefs. Typically, 
sediments in this area of the Maldives are mainly medium-coarse grained sands produced 
by corals and coralline algae (60-70 %). This suggests increases in sediment 
accumulation along the island shoreface (Perry, et al., 2020). However, the amount of 
very fine-fine sand present on Kandahalagalaa island was not consistent with a mass 
increase in living Halimeda assemblages post bleaching, suggesting a lack of Halimeda 
being worked into the island complex after complete breakdown and abrasion.  
Originally presented by Ford and Kench (2012) Figure 2.2 provided a simplified model 
for sediment working and transport to reef islands. Results from this study however 
identify a lack of Halimeda being deposited into the island complex as identifiable 
segments and as a post-breakdown product of very fine sand and silt sized sediment. This 
study has identified a key gap in this simplified model between the transport of Halimeda 
from the reef, and the incorporation into the island (Figure 5.4). These results showed 
more durable constituents than previously reported (Moberly, 1968; Ford and Kench, 
2012) which shows Halimeda is spending a longer time in reef platforms undergoing 
swash abrasion, but the place of deposition of post breakdown Halimeda could not be 
determined. These constitutional links between reef ecology and sediment production 
through physical breakdown continue to remain a key part of the island building process 
as reef islands are composed entirely of biogenic sediments sources from the surrounding 
live carbonate reef communities (Mumby, 2009; Perry, at al., 2011; Brown, et al., 2017). 
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But when considering Halimeda inputs deposition into island complexes is missing and 
should be investigated further.  
5.5.1 Future outlook for Kandahalagalaa 
Reef islands as low elevated, detrital sediment compositions are widely considered the 
most geomorphically sensitive landforms on earth due to changes in sea level, sediment 
supply and anthropogenic impacts. Central to the ability of atoll islands to persist as sea-
level continues to rise, is the maintenance of an adequate sediment supply of a suitable 
type and grade for transport to and incorporation within island structures. This supply 
can come from either fresh sediment produced on adjacent reefs and lagoons, or it can 
come from reworking the shore deposits of existing islands (McLean and Kench, 2015). 
This study has presented results on the influence of physical abrasion on a common 
Kandahalagalaa platform reef dweller. The implications of this study can be applied 
beyond Kandahalagalaa and on other tropical atoll interior islands with a presence of 
Halimeda.  
Figure 5.4 Representation of processes operating on a coral reef from producers to 
deposits from Ford and Kench (2012) edited for exclusively Halimeda inputs, with 
reduced amount of sediment being transported to the landform, and identifying the 




Macroalgae species such as Halimeda provide direct contributions to surrounding reefs 
and are key for the accretion and function of tropical reef ecosystems. With ongoing land 
submergence, shoreline erosion and saltwater intrusion into freshwater supplies due to 
sea level rise there is a need to quantify individual contributions from the species level 
to reef islands (Milliman, 1993). Knowing the relative contributions of Halimeda in a 
reef system has important implications for the processes of reef accretion, and for island 
and shoreline development (Perry, et al., 2016; Castro-Sanguino, et al., 2020).  
The ability of a reef platform to maintain structural integrity and continue to exist is 
strongly influenced by carbonate production and accumulation (Perry, et al., 2008). Coral 
reef islands are extremely important geomorphological features, which not only form 
habitable land, but also provide refuge for endemic and/or threatened species of flora and 
fauna (Dawson, et al., 2012). The largely unconsolidated sediments are typically sand-
sized and composed of mostly the skeletal remains of surrounding reef biota (Dawson, 
et al., 2012). With the low-lying nature of these islands this allows them to be highly 
vulnerable to the impacts of climate change and anticipated sea level rise as an associated 
consequence of climate change. By understanding sediment supply and the durability of 
contributing sources, this can allow for insights into reef-island responses to anticipated 
sea level rise (Yasukochi, et al., 2014). 
Transitions to algal dominance following a thermally driven coral mortality allows for 
sudden influxes of carbonate sediments to an island platform system and can allow for 
incorporation into the island system (Perry, et al., 2008). A recent study showed an 
increased presence post-bleaching of Halimeda as a local sediment producing taxa on 
Kandahalagalaa reef, and coupled with results from this study, identifies that Halimeda 
represent a key sedimentary input (Perry, et al., 2020). However, platform wave action 
through tidal fluxes appears to remove significant amounts of fine sand- and silt-sized 
fractions off reef leaving minimal contributions to the island sedimentary complex 
(Figure 4.4) (McLean and Kench, 2015; Perry, et al., 2020). The long-term implications 
are difficult to predict. While global sea level change on larger islands may be masked 
by local scale variability in key processes which control island morphological dynamics 
at shorter scales (Aslam and Kench, 2017), there will be a direct influence of sea surface 
temperature warming events on the continued inputs from a lack of sedimentary 
contributors (Perry and Morgan, 2017a).  
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Understanding the rate of breakdown through mechanical abrasion under the most likely 
platform conditions is vital for this process of island building and maintenance as 
durability has remained limited. Halimeda shows a greater resistance to fragmentation 
and breakdown, and more closely follows abrasion patterns shown from other reef 
constituents such as Acropora nasuta and Marginopora vertebralis (Ford and Kench, 
2012). Halimeda on Kandahalagalaa reef platform are capable of contributing a reported 
0.23 ± 0.04 kg CaCO3 m
-2 yr-1(Perry, et al., 2020). With a more accurate estimated rate 
of breakdown these contributions are likely to be less as the timing of island 
morphological responses to ecological community shifts will be largely controlled by the 
significant phase lags between the initial reef mortality at the outer reef/area of 
production, and the conversion of that material into island-grade sediment (Morgan and 
Kench, 2016).  
There is increased attention towards reef associated carbonate producing environments 
for low-lying coral reef islands as Halimeda population growth following bleaching 
events provide a key sedimentary import for reef islands, alongside corals and echinoids 
(Perry, et al., 2016; Perry and Morgan, 2017b). Further studies will be needed from other 
locations to better understand the sedimentary systems linking reef island to their 
sediment factories, such as carbonate producing macroalgae, as a consequence this will 
improve management strategies as sea-level rise continues to impose on coastal societies, 
ecosystems, and infrastructure. Furthermore, this study may help in estimating to what 
extent segments of the calcareous macroalgae can contribute to the development, 
preservation and stabilisation of coastlines, atolls, and reef islands in the tropics under a 




This study adopted tumbling barrel methodology from Ford and Kench (2012) to conduct 
an abrasion analysis on common reef dweller Halimeda found across the Kandahalagalaa 
reef. The primary research aim of this study was to assess the relative durability of 
Halimeda to normal abrasion scenarios which would occur across a tropical reef 
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platform. To do this, species plant counts of H. macrophysa and H. micronesica were 
first conducted across the north and south reefs where 65 plants per m2 and 38 plants per 
m2 plants were found, respectively. This was due to the wave regime affecting the north 
(windward) and south (leeward) platforms, and a recent ecological shift to a macroalgal 
dominated reef following the 2016 mass bleaching event.  
Secondly, a grain size analysis was conducted of eight radial transects extending from 
the island into the reef platform across five distinct geomorphic zones to identify the 
textural characteristics across Kandahalagalaa reef and identify the potential for 
Halimeda to exist within the island structure as identifiable plate segments. Identifiable 
Halimeda segments were not found within island samples and minimal very fine sand 
was present (0.19 % of all sediment collected). Wave-generated currents are responsible 
for the transportation, reworking, and deposition of the sediment across Kandahalagalaa 
platform and up onto the beach face and island complex and identified a significant lack 
of Halimeda present within Kandahalagalaa island. Through a grain size analysis this 
provided the foundation for the type of sediment present across a typical atoll interior 
reef which would typically interact with Halimeda in an abrasive scenario.  
Lastly, tumbling barrel experiments abrading calcified Halimeda plate segments were 
conducted where segments were broken down to 82.27 ± 0.45 % of initial sample weights 
used over 500 hours, which was significantly different to the 100 % breakdown over 20 
presented by Ford and Kench (2012). This was due to a key difference in the abrasive 
used, Ford and Kench (2012) utilised Aluminium oxide to abrade Halimeda segments 
which had a Mohs hardness scale of 9. This study utilised carbonate sands (Mohs 
hardness scale of 3) which were collected from the source reef to best simulate a natural 
abrasion environment. Using the results presented in Chapter 4 this study has identified 
a distinct lack of Halimeda present within the Kandahalagalaa island sediment complex, 
despite healthy living abundances across the north and south reef platforms. With results 
also identifying Halimeda as a more durable species post-mortem than previously 
reported, this would allow for Halimeda to be transported across the reef platform and 
be deposited onto the island as whole segments; however, this was not seen within 
samples. This research has left the question, where is Halimeda being transported and 
deposited once disarticulated from colony branches and abraded through the reef 







Chapter 6 - Conclusion 
6.1 Aims revisited 
The aim of this thesis was to assess the relative durability of common tropical reef-
dweller Halimeda to abrasion under a simulated swash zone environment using tumbling 
barrel methodology of post-mortem segments commonly found across the reef. This was 
achieved through conducting a living species count across the reef crest, and through a 
grain size analysis of the Kandahalagalaa platform and island, Huvadhu Atoll, South 
Maldives across five distinct geomorphic zones. This provided the foundation for the 
type of sediment present across a typical atoll interior reef, positioned in a relatively 
storm free location.  
Results from this study provide insight into the breakdown process of disarticulated 
Halimeda segments and a partial breakdown time which is key in calculating 
contributions of calcium carbonates to islands including in pulse events following coral 
bleaching (with the latest bleaching event occurring in the southern Maldives in 2016). 
Understanding durability within the platform swash environment is also key information 
when using radio-carbon dating methods as residence time directly impacts date 
calculations. To address the primary objective of determining the abrasion rate for 
disarticulated Halimeda segments from a post-mortem state, tumbling barrel methods 
were adopted to simulate a natural swash environment. Before this could be determined, 
to comprehensively analyse the primary aim there were two supplementary research aims 
addressed to provide the necessary background of the Kandahalagalaa reef platform 
source material and natural material present. 
To first identify the distribution of living Halimeda species present across the 
Kandahalagalaa reef platform and crest, analysis of 2627 plant counts were performed of 
two Halimeda species across the Kandahalagalaa reef crest, H. micronesica, and H. 
macrophysa. These species showed a preference from each species for growth on the 
windward (north) side (65 plants per m2) of the platform with nearly double the number 
of plants present across the 25.5 m2 surveyed (p = 0.00). H. micronesica was also found 
to be growing in more abundance across both survey sites with 57 more plants per m2 on 
the north and 15 per m2 on the south reef on average.  
137 
 
Secondly, to identify the sedimentary components across the reef platform and current 
beach face a grain size analysis and interpretation was used to identify the overall 
sediment composition. Island sediments were typically medium sand and moderately to 
well sorted, with a trend of fining inwards towards the island complex (Figures 4.3 – 
4.14). This was important to identify as using the type of sediment Halimeda segments 
would typically be associated and abraded with in a natural swash environment would 
allow findings to be transferable from laboratory experiments where in-field assessments 
were impractical. With previous research identifying Halimeda breaks down to almost 
exclusively silt-mud sized sediments there was a noted lack of this type of sediment 
present on and within the island structure, with a lack of identifiable Halimeda segments 
found in these locations too, it was assumed the macroalgae is largely broken down 
within the swash zone and largely transported off reef.  
Lastly, when assessing the relative durability of Halimeda findings from this research 
indicate that Halimeda has a much greater durability to abrasion and breakdown than 
previously estimated with the most comprehensive analysis of breakdown through time 
and types of taphonomic alterations that Halimeda undergoes presented. Previous 
estimates included a complete breakdown within 20 hours (Ford and Kench, 2012), a 
complete breakdown within 21 days (Perry, et al., 2016), and a partial breakdown after 
50 hours (Moberly, 1968). Breakdown for this study ranged from 15.97 % to 18.53 % 
total mass lost over 500 hours of tumbling barrel experimentation. Halimeda segments 
largely underwent pitting, scalloping, and flaking of individual segments when analysed 
through time. The methodology used in this thesis simulated normal background 
conditions associated with fair-weather wave surge. However, based on the breakdown 
rates presented in this study, Halimeda is more likely to persist in a system as bioherms 
behind the forereef. With the emergence of Halimeda research as an important calcium 
carbonate producer for reef island and platform complexes findings from this research 
indicate there is a greater period between deposition and integration of Halimeda into 
reef island complexes, and an unknown loss of Halimeda grains, as identifiable segments 
and very fine sand and silt sized grains are largely absent from the island sediment 
complex (Figure 5.4).  
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6.2 Limitations and recommendations for further research  
This research acknowledges that there is a large gap in conducting in field tests on 
Halimeda abrasion, due to difficulty tracking small particles across reef cycling for long 
periods of time as well as continuous losses and gains from a sedimentary system. There 
is still a need for in field research, this was however outside of the scope and the means 
of this study. Tumbling barrel research does not take into account storm events, seasonal 
changed in the wind and wave regimes, or low frequency events. An issue with using 
standardised equipment such as a 29 RPM barrel does not include abrasion under these 
conditions and must be considered. This was outside of the scope of this study to be 
considered and included.  
Limitations of this study also include the unknown sedimentary properties (species 
breakdown) of sediment samples collection from island locations. This would provide a 
more comprehensive and definitive analysis of Halimeda grain presence on 
Kandahalagalaa island, however a grain point count of each size fraction (10) from the 
57 sediment samples was constrained by time and could not be achieved in this study.  
Future research which stems from this thesis should track Halimeda breakdown to 
complete breakdown and identify the sedimentary components from segment 
breakdown. Using a standardised abrasive which will not abrade itself will be key for 
this type of research. Tracking potential secondary cementation at a microscopic level 
through abrasion experiments through time would be beneficial as a potential inhibitor 
of breakdown. A comprehensive look at the combined effects of abrasion and dissolution 
of Halimeda found within Maldivian reefs should also be conducted, as abrasion appears 
to not be a fast, or primary conductor of segment losses would also be beneficial to this 
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Halimeda plant count surveys across the north and south reefs February 
2019 (Section 4.2).  
Northern H. Macrophysa H. Micronesica Total Southern H. Macrophysa H. Micronesica Total
0 61 61 33 12 45
0 40 40 42 2 44
1 25 26 17 26 43
0 40 40 14 11 25
0 36 36 0 16 16
2 39 41 1 9 10
0 0 0 12 13 25
0 22 22 6 7 13
1 24 25 19 21 40
5 7 12 9 21 30
0 81 81 6 11 17
0 60 60 4 31 35
0 26 26 0 19 19
0 4 4 0 38 38
0 19 19 0 14 14
0 33 33 5 45 50
0 8 8 0 13 13
1 32 33 1 13 14
1 11 12 14 10 24
16 14 30 0 13 13
29 12 41 0 11 11
0 13 13 0 5 5
3 19 22 0 1 1
7 24 31 0 11 11
0 2 2 0 0 0
0 1 1 0 16 16
0 3 3 0 17 17
1 9 10 0 4 4
0 11 11 0 12 12
0 12 12 0 23 23
9 16 25 0 0 0
0 29 29 0 16 16
0 15 15 0 40 40
19 40 59 0 32 32
3 36 39 0 34 34
3 94 97 0 4 4
0 22 22 0 7 7
0 28 28 9 20 29
3 107 110 5 0 5
0 54 54 14 11 25
0 57 57 0 5 5
0 59 59 0 5 5
0 15 15 32 2 34
0 48 48 4 3 7
4 3 7 0 6 6
2 50 52 8 4 12
2 0 2 0 3 3
1 24 25 0 4 4
0 42 42 9 25 34
0 15 15 28 4 32
1 105 106 0 4 4
Total 114 1547 1661 Total 292 674 966
Area (m) 25.5 25.5 25.5 Area 25.5 25.5 25.5
per m^2 4.470588235 60.66666667 65.13725 per m^2 11.45098039 26.43137255 37.88235
MEAN 2.235294118 30.33333333 12.82353 MEAN 5.725490196 13.21568627 7.411765
STDEV 5.293681899 25.78543947 18.69278 STDEV 9.735881545 10.94605977 8.980756
Max 29 107 110 Max 42 45 50
Median 0 24 26 Median 0 11 16
Min 0 0 0 Min 0 0 0
Q1 0 12 12.5 Q1 0 4 6.5
Q2 0 24 26 Q2 0 11 16




Full GRADISTAT grain size analysis from 57 samples across the 
Kandahalagalaa lagoon, beach face and island locations (Section 4.3). 
E1 Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0.011 0.011 0.989 0.0002 0.95 0.95
63,0 90,0 0.018 0.029 0.971 0.0007 1.5 2.45
90,0 125,0 0.036 0.065 0.935 0.001 3.08 5.53
125,0 180,0 0.055 0.12 0.88 0.001 4.61 10.14
180,0 250,0 0.128 0.248 0.752 0.0018 10.77 20.91
250,0 355,0 0.23 0.478 0.522 0.0022 19.44 40.35
355,0 500,0 0.125 0.603 0.397 0.0009 10.59 50.94
500,0 710,0 0.086 0.689 0.311 0.0004 7.27 58.21
710,0 1000,0 0.055 0.744 0.256 0.0002 4.65 62.86
1000,0 0.256 1 0 0.0005 21.58 84.44
E2 Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,008 0,008 0,992 0,00013 0,640 0,640
63,0 90,0 0,016 0,024 0,976 0,00058 1,250 1,890
90,0 125,0 0,042 0,066 0,934 0,00121 3,380 5,270
125,0 180,0 0,217 0,283 0,717 0,00394 17,320 22,590
180,0 250,0 0,211 0,494 0,506 0,00301 16,850 39,440
250,0 355,0 0,181 0,675 0,325 0,00173 14,500 53,940
355,0 500,0 0,082 0,757 0,243 0,00057 6,570 60,510
500,0 710,0 0,047 0,805 0,195 0,00023 3,780 64,290
710,0 1000,0 0,028 0,833 0,167 0,00010 2,270 66,560
1000,0 0,167 1,000 0,000 0,00033 13,340 79,900
E3 Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,004 0,004 0,996 0,00007 0,490 0,490
63,0 90,0 0,007 0,011 0,989 0,00025 0,770 1,260
90,0 125,0 0,028 0,040 0,960 0,00081 3,200 4,460
125,0 180,0 0,223 0,262 0,738 0,00405 25,010 29,470
180,0 250,0 0,196 0,458 0,542 0,00280 22,040 51,510
250,0 355,0 0,076 0,534 0,466 0,00072 8,510 60,020
355,0 500,0 0,060 0,594 0,406 0,00041 6,690 66,710
500,0 710,0 0,076 0,669 0,331 0,00036 8,490 75,200
710,0 1000,0 0,075 0,744 0,256 0,00026 8,410 83,610
1000,0 0,256 1,000 0,000 0,00051 28,740 112,350
E LB Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,000 0,000 1,000 0,00001 0,040 0,040
63,0 90,0 0,000 0,001 0,999 0,00001 0,040 0,080
90,0 125,0 0,002 0,002 0,998 0,00005 0,170 0,250
125,0 180,0 0,066 0,068 0,932 0,00119 6,570 6,820
180,0 250,0 0,224 0,292 0,708 0,00320 22,460 29,280
250,0 355,0 0,195 0,487 0,513 0,00186 19,530 48,810
355,0 500,0 0,147 0,634 0,366 0,00102 14,760 63,570
500,0 710,0 0,144 0,778 0,222 0,00068 14,410 77,980
710,0 1000,0 0,102 0,880 0,120 0,00035 10,240 88,220
1000,0 0,120 1,000 0,000 0,00024 11,980 100,200
E UB Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,000 0,000 1,000 0,00000 0,000 0,000
63,0 90,0 0,000 0,000 1,000 0,00000 0,000 0,000
90,0 125,0 0,001 0,001 0,999 0,00003 0,090 0,090
125,0 180,0 0,106 0,107 0,893 0,00193 9,150 9,240
180,0 250,0 0,426 0,533 0,467 0,00609 36,780 46,020
250,0 355,0 0,363 0,896 0,104 0,00346 31,340 77,360
355,0 500,0 0,094 0,990 0,010 0,00065 8,090 85,450
500,0 710,0 0,007 0,997 0,003 0,00003 0,630 86,080
710,0 1000,0 0,003 1,000 0,000 0,00001 0,240 86,320
1000,0 0,000 1,000 0,000 0,00000 0,020 86,340
E VL0.5 Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,000 0,000 1,000 0,00001 0,030 0,030
63,0 90,0 0,000 0,000 1,000 0,00000 0,010 0,040
90,0 125,0 0,001 0,001 0,999 0,00003 0,080 0,120
125,0 180,0 0,028 0,030 0,970 0,00051 2,280 2,400
180,0 250,0 0,154 0,183 0,817 0,00220 12,460 14,860
250,0 355,0 0,271 0,454 0,546 0,00258 21,920 36,780
355,0 500,0 0,242 0,696 0,304 0,00167 19,610 56,390
500,0 710,0 0,149 0,845 0,155 0,00071 12,080 68,470
710,0 1000,0 0,074 0,920 0,080 0,00026 6,020 74,490




N1 Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,002 0,002 0,998 0,00003 0,110 0,110
63,0 90,0 0,002 0,004 0,996 0,00009 0,160 0,270
90,0 125,0 0,004 0,007 0,993 0,00010 0,240 0,510
125,0 180,0 0,008 0,016 0,984 0,00015 0,570 1,080
180,0 250,0 0,027 0,043 0,957 0,00038 1,840 2,920
250,0 355,0 0,076 0,119 0,881 0,00072 5,180 8,100
355,0 500,0 0,135 0,253 0,747 0,00093 9,190 17,290
500,0 710,0 0,172 0,425 0,575 0,00082 11,760 29,050
710,0 1000,0 0,133 0,558 0,442 0,00046 9,070 38,120
1000,0 0,442 1,000 0,000 0,00088 30,180 68,300
N2 Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,013 0,013 0,987 0,00021 1,020 1,020
63,0 90,0 0,027 0,040 0,960 0,00099 2,060 3,080
90,0 125,0 0,171 0,211 0,789 0,00490 13,250 16,330
125,0 180,0 0,209 0,420 0,580 0,00380 16,140 32,470
180,0 250,0 0,091 0,511 0,489 0,00130 7,020 39,490
250,0 355,0 0,134 0,645 0,355 0,00128 10,390 49,880
355,0 500,0 0,123 0,769 0,231 0,00085 9,540 59,420
500,0 710,0 0,094 0,863 0,137 0,00045 7,290 66,710
710,0 1000,0 0,058 0,921 0,079 0,00020 4,460 71,170
1000,0 0,079 1,000 0,000 0,00016 6,130 77,300
N3 Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,000 0,000 1,000 0,00000 0,010 0,010
63,0 90,0 0,000 0,000 1,000 0,00001 0,020 0,030
90,0 125,0 0,000 0,001 0,999 0,00000 0,010 0,040
125,0 180,0 0,001 0,002 0,998 0,00003 0,100 0,140
180,0 250,0 0,006 0,008 0,992 0,00009 0,450 0,590
250,0 355,0 0,080 0,088 0,912 0,00076 5,530 6,120
355,0 500,0 0,214 0,302 0,698 0,00148 14,870 20,990
500,0 710,0 0,303 0,605 0,395 0,00144 21,060 42,050
710,0 1000,0 0,198 0,804 0,196 0,00068 13,780 55,830
1000,0 0,196 1,000 0,000 0,00039 13,620 69,450
N LB Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,000 0,000 1,000 0,00000 0,020 0,020
63,0 90,0 0,000 0,000 1,000 0,00000 0,000 0,020
90,0 125,0 0,001 0,001 0,999 0,00003 0,100 0,120
125,0 180,0 0,005 0,006 0,994 0,00009 0,580 0,700
180,0 250,0 0,073 0,079 0,921 0,00104 8,230 8,930
250,0 355,0 0,500 0,579 0,421 0,00476 56,570 65,500
355,0 500,0 0,343 0,922 0,078 0,00236 38,780 104,280
500,0 710,0 0,059 0,981 0,019 0,00028 6,660 110,940
710,0 1000,0 0,013 0,994 0,006 0,00005 1,490 112,430
1000,0 0,006 1,000 0,000 0,00001 0,710 113,140
N UB Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,000 0,000 1,000 0,00000 0,020 0,020
63,0 90,0 0,000 0,000 1,000 0,00000 0,010 0,030
90,0 125,0 0,000 0,001 0,999 0,00001 0,030 0,060
125,0 180,0 0,018 0,019 0,981 0,00033 1,820 1,880
180,0 250,0 0,216 0,235 0,765 0,00308 21,620 23,500
250,0 355,0 0,649 0,883 0,117 0,00618 64,990 88,490
355,0 500,0 0,088 0,971 0,029 0,00061 8,810 97,300
500,0 710,0 0,020 0,991 0,009 0,00009 1,990 99,290
710,0 1000,0 0,006 0,997 0,003 0,00002 0,650 99,940
1000,0 0,003 1,000 0,000 0,00001 0,270 100,210
N VL Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,000 0,000 1,000 0,00000 0,020 0,020
63,0 90,0 0,000 0,000 1,000 0,00001 0,010 0,030
90,0 125,0 0,000 0,000 1,000 0,00000 0,000 0,030
125,0 180,0 0,028 0,028 0,972 0,00051 1,840 1,870
180,0 250,0 0,362 0,390 0,610 0,00517 23,960 25,830
250,0 355,0 0,466 0,857 0,143 0,00444 30,850 56,680
355,0 500,0 0,117 0,973 0,027 0,00080 7,710 64,390
500,0 710,0 0,021 0,994 0,006 0,00010 1,390 65,780
710,0 1000,0 0,004 0,998 0,002 0,00001 0,260 66,040
1000,0 0,002 1,000 0,000 0,00000 0,110 66,150
N VL0.5 Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,000 0,000 1,000 0,00000 0,000 0,000
63,0 90,0 0,000 0,000 1,000 0,00000 0,000 0,000
90,0 125,0 0,000 0,000 1,000 0,00000 0,000 0,000
125,0 180,0 0,012 0,012 0,988 0,00022 1,070 1,070
180,0 250,0 0,126 0,138 0,862 0,00180 11,300 12,370
250,0 355,0 0,456 0,593 0,407 0,00434 40,960 53,330
355,0 500,0 0,339 0,932 0,068 0,00234 30,500 83,830
500,0 710,0 0,048 0,980 0,020 0,00023 4,290 88,120
710,0 1000,0 0,006 0,986 0,014 0,00002 0,570 88,690





NE1 Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,008 0,008 0,992 0,00013 0,700 0,700
63,0 90,0 0,022 0,030 0,970 0,00081 1,840 2,540
90,0 125,0 0,060 0,091 0,909 0,00172 5,070 7,610
125,0 180,0 0,090 0,181 0,819 0,00164 7,590 15,200
180,0 250,0 0,091 0,271 0,729 0,00129 7,620 22,820
250,0 355,0 0,084 0,355 0,645 0,00080 7,020 29,840
355,0 500,0 0,083 0,438 0,562 0,00057 6,990 36,830
500,0 710,0 0,084 0,522 0,478 0,00040 7,060 43,890
710,0 1000,0 0,067 0,589 0,411 0,00023 5,640 49,530
1000,0 0,411 1,000 0,000 0,00082 34,540 84,070
NE2 Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,005 0,005 0,995 0,00007 0,470 0,470
63,0 90,0 0,011 0,015 0,985 0,00039 1,050 1,520
90,0 125,0 0,061 0,077 0,923 0,00175 6,130 7,650
125,0 180,0 0,231 0,308 0,692 0,00420 23,060 30,710
180,0 250,0 0,260 0,567 0,433 0,00371 25,940 56,650
250,0 355,0 0,167 0,735 0,265 0,00159 16,700 73,350
355,0 500,0 0,090 0,825 0,175 0,00062 8,990 82,340
500,0 710,0 0,052 0,877 0,123 0,00025 5,220 87,560
710,0 1000,0 0,026 0,903 0,097 0,00009 2,620 90,180
1000,0 0,097 1,000 0,000 0,00019 9,670 99,850
NE3 Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,000 0,000 1,000 0,00000 0,020 0,020
63,0 90,0 0,000 0,000 1,000 0,00001 0,020 0,040
90,0 125,0 0,004 0,004 0,996 0,00011 0,350 0,390
125,0 180,0 0,253 0,258 0,742 0,00461 22,960 23,350
180,0 250,0 0,419 0,677 0,323 0,00599 37,990 61,340
250,0 355,0 0,156 0,833 0,167 0,00149 14,180 75,520
355,0 500,0 0,055 0,888 0,112 0,00038 4,950 80,470
500,0 710,0 0,034 0,921 0,079 0,00016 3,050 83,520
710,0 1000,0 0,026 0,947 0,053 0,00009 2,330 85,850
1000,0 0,053 1,000 0,000 0,00011 4,800 90,650
NE LB Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,000 0,000 1,000 0,00000 0,000 0,000
63,0 90,0 0,000 0,000 1,000 0,00001 0,020 0,020
90,0 125,0 0,001 0,001 0,999 0,00002 0,060 0,080
125,0 180,0 0,021 0,022 0,978 0,00038 1,780 1,860
180,0 250,0 0,096 0,118 0,882 0,00138 8,120 9,980
250,0 355,0 0,339 0,458 0,542 0,00323 28,610 38,590
355,0 500,0 0,344 0,801 0,199 0,00237 28,990 67,580
500,0 710,0 0,109 0,911 0,089 0,00052 9,230 76,810
710,0 1000,0 0,047 0,958 0,042 0,00016 3,970 80,780
1000,0 0,042 1,000 0,000 0,00008 3,560 84,340
NE UB Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,000 0,000 1,000 0,00000 0,000 0,000
63,0 90,0 0,000 0,000 1,000 0,00001 0,020 0,020
90,0 125,0 0,000 0,001 0,999 0,00001 0,040 0,060
125,0 180,0 0,028 0,029 0,971 0,00052 3,310 3,370
180,0 250,0 0,194 0,223 0,777 0,00278 22,680 26,050
250,0 355,0 0,522 0,745 0,255 0,00497 60,930 86,980
355,0 500,0 0,223 0,968 0,032 0,00154 25,980 112,960
500,0 710,0 0,029 0,997 0,003 0,00014 3,440 116,400
710,0 1000,0 0,002 1,000 0,000 0,00001 0,270 116,670
1000,0 0,000 1,000 0,000 0,00000 0,050 116,720
NE VL Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,003 0,003 0,997 0,00005 0,290 0,290
63,0 90,0 0,000 0,003 0,997 0,00000 0,000 0,290
90,0 125,0 0,001 0,004 0,996 0,00002 0,060 0,350
125,0 180,0 0,048 0,052 0,948 0,00087 4,190 4,540
180,0 250,0 0,199 0,251 0,749 0,00284 17,390 21,930
250,0 355,0 0,358 0,609 0,391 0,00341 31,290 53,220
355,0 500,0 0,231 0,840 0,160 0,00159 20,170 73,390
500,0 710,0 0,098 0,938 0,062 0,00047 8,540 81,930
710,0 1000,0 0,035 0,973 0,027 0,00012 3,040 84,970




SE1 Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,007 0,007 0,993 0,00012 0,660 0,660
63,0 90,0 0,011 0,019 0,981 0,00041 0,990 1,650
90,0 125,0 0,034 0,052 0,948 0,00096 2,980 4,630
125,0 180,0 0,398 0,450 0,550 0,00723 35,160 39,790
180,0 250,0 0,287 0,737 0,263 0,00410 25,370 65,160
250,0 355,0 0,030 0,767 0,233 0,00029 2,650 67,810
355,0 500,0 0,014 0,781 0,219 0,00010 1,280 69,090
500,0 710,0 0,019 0,800 0,200 0,00009 1,660 70,750
710,0 1000,0 0,022 0,822 0,178 0,00008 1,950 72,700
1000,0 0,178 1,000 0,000 0,00036 15,730 88,430
SE2 Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,003 0,003 0,997 0,00005 0,240 0,240
63,0 90,0 0,002 0,005 0,995 0,00008 0,170 0,410
90,0 125,0 0,007 0,012 0,988 0,00020 0,570 0,980
125,0 180,0 0,076 0,088 0,912 0,00139 6,350 7,330
180,0 250,0 0,143 0,232 0,768 0,00205 11,910 19,240
250,0 355,0 0,131 0,363 0,637 0,00125 10,900 30,140
355,0 500,0 0,131 0,493 0,507 0,00090 10,840 40,980
500,0 710,0 0,132 0,626 0,374 0,00063 10,990 51,970
710,0 1000,0 0,113 0,738 0,262 0,00039 9,350 61,320
1000,0 0,262 1,000 0,000 0,00052 21,730 83,050
SE3 Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,001 0,001 0,999 0,00001 0,060 0,060
63,0 90,0 0,001 0,001 0,999 0,00002 0,040 0,100
90,0 125,0 0,001 0,002 0,998 0,00002 0,060 0,160
125,0 180,0 0,125 0,127 0,873 0,00227 8,960 9,120
180,0 250,0 0,306 0,433 0,567 0,00437 21,940 31,060
250,0 355,0 0,263 0,696 0,304 0,00250 18,850 49,910
355,0 500,0 0,172 0,868 0,132 0,00119 12,350 62,260
500,0 710,0 0,052 0,920 0,080 0,00025 3,700 65,960
710,0 1000,0 0,018 0,938 0,062 0,00006 1,300 67,260
1000,0 0,062 1,000 0,000 0,00012 4,470 71,730
SE LB Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,000 0,000 1,000 0,00000 0,000 0,000
63,0 90,0 0,000 0,000 1,000 0,00000 0,000 0,000
90,0 125,0 0,000 0,000 1,000 0,00000 0,000 0,000
125,0 180,0 0,019 0,019 0,981 0,00034 1,900 1,900
180,0 250,0 0,107 0,126 0,874 0,00154 10,840 12,740
250,0 355,0 0,230 0,356 0,644 0,00219 23,170 35,910
355,0 500,0 0,214 0,570 0,430 0,00148 21,620 57,530
500,0 710,0 0,122 0,693 0,307 0,00058 12,320 69,850
710,0 1000,0 0,078 0,771 0,229 0,00027 7,880 77,730
1000,0 0,229 1,000 0,000 0,00046 23,120 100,850
SE UB Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,000 0,000 1,000 0,00000 0,000 0,000
63,0 90,0 0,000 0,000 1,000 0,00000 0,000 0,000
90,0 125,0 0,000 0,000 1,000 0,00000 0,000 0,000
125,0 180,0 0,019 0,019 0,981 0,00035 1,690 1,690
180,0 250,0 0,176 0,195 0,805 0,00251 15,610 17,300
250,0 355,0 0,253 0,448 0,552 0,00241 22,510 39,810
355,0 500,0 0,259 0,707 0,293 0,00179 22,990 62,800
500,0 710,0 0,123 0,830 0,170 0,00058 10,890 73,690
710,0 1000,0 0,057 0,887 0,113 0,00020 5,090 78,780
1000,0 0,113 1,000 0,000 0,00023 10,020 88,800
SE VL Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,000 0,000 1,000 0,00000 0,010 0,010
63,0 90,0 0,001 0,001 0,999 0,00002 0,070 0,080
90,0 125,0 0,000 0,001 0,999 0,00000 0,000 0,080
125,0 180,0 0,021 0,021 0,979 0,00037 2,190 2,270
180,0 250,0 0,187 0,208 0,792 0,00267 19,880 22,150
250,0 355,0 0,388 0,596 0,404 0,00369 41,300 63,450
355,0 500,0 0,284 0,880 0,120 0,00196 30,190 93,640
500,0 710,0 0,084 0,963 0,037 0,00040 8,910 102,550
710,0 1000,0 0,021 0,985 0,015 0,00007 2,270 104,820




S1 Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,004 0,004 0,996 0,00006 0,280 0,280
63,0 90,0 0,004 0,007 0,993 0,00013 0,280 0,560
90,0 125,0 0,009 0,016 0,984 0,00026 0,740 1,300
125,0 180,0 0,045 0,061 0,939 0,00081 3,570 4,870
180,0 250,0 0,064 0,125 0,875 0,00092 5,120 9,990
250,0 355,0 0,215 0,340 0,660 0,00205 17,190 27,180
355,0 500,0 0,237 0,577 0,423 0,00163 18,890 46,070
500,0 710,0 0,127 0,704 0,296 0,00060 10,130 56,200
710,0 1000,0 0,075 0,779 0,221 0,00026 6,020 62,220
1000,0 0,221 1,000 0,000 0,00044 17,630 79,850
S2 Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,004 0,004 0,996 0,00006 0,290 0,290
63,0 90,0 0,003 0,007 0,993 0,00011 0,220 0,510
90,0 125,0 0,005 0,012 0,988 0,00016 0,400 0,910
125,0 180,0 0,089 0,102 0,898 0,00162 6,570 7,480
180,0 250,0 0,337 0,439 0,561 0,00482 24,810 32,290
250,0 355,0 0,236 0,675 0,325 0,00225 17,390 49,680
355,0 500,0 0,097 0,772 0,228 0,00067 7,140 56,820
500,0 710,0 0,061 0,833 0,167 0,00029 4,470 61,290
710,0 1000,0 0,038 0,870 0,130 0,00013 2,760 64,050
1000,0 0,130 1,000 0,000 0,00026 9,540 73,590
S3 Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,000 0,000 1,000 0,00000 0,010 0,010
63,0 90,0 0,001 0,001 0,999 0,00003 0,060 0,070
90,0 125,0 0,000 0,001 0,999 0,00001 0,040 0,110
125,0 180,0 0,019 0,020 0,980 0,00034 1,650 1,760
180,0 250,0 0,117 0,137 0,863 0,00167 10,230 11,990
250,0 355,0 0,277 0,414 0,586 0,00264 24,290 36,280
355,0 500,0 0,342 0,756 0,244 0,00236 30,010 66,290
500,0 710,0 0,090 0,845 0,155 0,00043 7,850 74,140
710,0 1000,0 0,034 0,879 0,121 0,00012 2,950 77,090
1000,0 0,121 1,000 0,000 0,00024 10,600 87,690
S LB Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,000 0,000 1,000 0,00000 0,020 0,020
63,0 90,0 0,000 0,000 1,000 0,00001 0,030 0,050
90,0 125,0 0,000 0,000 1,000 0,00000 0,000 0,050
125,0 180,0 0,005 0,006 0,994 0,00010 0,570 0,620
180,0 250,0 0,066 0,072 0,928 0,00094 7,160 7,780
250,0 355,0 0,317 0,388 0,612 0,00302 34,440 42,220
355,0 500,0 0,297 0,685 0,315 0,00205 32,230 74,450
500,0 710,0 0,123 0,808 0,192 0,00058 13,340 87,790
710,0 1000,0 0,078 0,885 0,115 0,00027 8,440 96,230
1000,0 0,115 1,000 0,000 0,00023 12,460 108,690
S UB Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,000 0,000 1,000 0,00000 0,010 0,010
63,0 90,0 0,000 0,000 1,000 0,00001 0,020 0,030
90,0 125,0 0,000 0,000 1,000 0,00000 0,000 0,030
125,0 180,0 0,004 0,005 0,995 0,00008 0,420 0,450
180,0 250,0 0,069 0,073 0,927 0,00098 6,790 7,240
250,0 355,0 0,454 0,528 0,472 0,00433 44,850 52,090
355,0 500,0 0,431 0,959 0,041 0,00297 42,530 94,620
500,0 710,0 0,041 0,999 0,001 0,00019 4,010 98,630
710,0 1000,0 0,000 0,999 0,001 0,00000 0,000 98,630
1000,0 0,001 1,000 0,000 0,00000 0,070 98,700
S VL Size class [µm] p3 Q3 1-Q3 q3 [1/µm] ∆ m[g] SD m[g]
0,0 63,0 0,000 0,000 1,000 0,00000 0,010 0,010
63,0 90,0 0,000 0,000 1,000 0,00000 0,010 0,020
90,0 125,0 0,000 0,000 1,000 0,00000 0,000 0,020
125,0 180,0 0,021 0,021 0,979 0,00037 1,850 1,870
180,0 250,0 0,225 0,246 0,754 0,00321 20,210 22,080
250,0 355,0 0,555 0,801 0,199 0,00529 49,930 72,010
355,0 500,0 0,182 0,984 0,016 0,00126 16,400 88,410
500,0 710,0 0,015 0,999 0,001 0,00007 1,350 89,760
710,0 1000,0 0,001 1,000 0,000 0,00000 0,120 89,880
1000,0 0,000 1,000 0,000 0,00000 0,010 89,890
S VL0.5 Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,000 0,000 1,000 0,00000 0,000 0,000
63,0 90,0 0,000 0,000 1,000 0,00001 0,030 0,030
90,0 125,0 0,000 0,001 0,999 0,00001 0,030 0,060
125,0 180,0 0,007 0,008 0,992 0,00013 0,630 0,690
180,0 250,0 0,094 0,102 0,898 0,00134 8,220 8,910
250,0 355,0 0,363 0,465 0,535 0,00346 31,850 40,760
355,0 500,0 0,359 0,824 0,176 0,00248 31,540 72,300
500,0 710,0 0,138 0,962 0,038 0,00066 12,090 84,390
710,0 1000,0 0,027 0,989 0,011 0,00009 2,410 86,800
1000,0 0,011 1,000 0,000 0,00002 0,950 87,750
S IV Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,001 0,001 0,999 0,00001 0,050 0,050
63,0 90,0 0,000 0,001 0,999 0,00002 0,040 0,090
90,0 125,0 0,000 0,001 0,999 0,00001 0,020 0,110
125,0 180,0 0,015 0,016 0,984 0,00027 1,240 1,350
180,0 250,0 0,146 0,163 0,837 0,00209 12,240 13,590
250,0 355,0 0,393 0,556 0,444 0,00375 32,860 46,450
355,0 500,0 0,249 0,805 0,195 0,00172 20,800 67,250
500,0 710,0 0,087 0,891 0,109 0,00041 7,240 74,490
710,0 1000,0 0,036 0,927 0,073 0,00012 3,000 77,490




SW1 Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,013 0,013 0,987 0,00020 0,860 0,860
63,0 90,0 0,018 0,030 0,970 0,00066 1,220 2,080
90,0 125,0 0,033 0,063 0,937 0,00094 2,250 4,330
125,0 180,0 0,066 0,130 0,870 0,00120 4,520 8,850
180,0 250,0 0,113 0,243 0,757 0,00162 7,730 16,580
250,0 355,0 0,220 0,463 0,537 0,00209 15,000 31,580
355,0 500,0 0,147 0,610 0,390 0,00101 10,040 41,620
500,0 710,0 0,102 0,712 0,288 0,00049 6,990 48,610
710,0 1000,0 0,062 0,774 0,226 0,00021 4,230 52,840
1000,0 0,226 1,000 0,000 0,00045 15,440 68,280
SW2 Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,012 0,012 0,988 0,00019 0,950 0,950
63,0 90,0 0,036 0,048 0,952 0,00133 2,850 3,800
90,0 125,0 0,173 0,221 0,779 0,00496 13,750 17,550
125,0 180,0 0,179 0,400 0,600 0,00325 14,190 31,740
180,0 250,0 0,129 0,529 0,471 0,00184 10,190 41,930
250,0 355,0 0,134 0,663 0,337 0,00128 10,630 52,560
355,0 500,0 0,116 0,779 0,221 0,00080 9,190 61,750
500,0 710,0 0,102 0,881 0,119 0,00049 8,090 69,840
710,0 1000,0 0,067 0,948 0,052 0,00023 5,310 75,150
1000,0 0,052 1,000 0,000 0,00010 4,130 79,280
SW3 Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,000 0,000 1,000 0,00001 0,040 0,040
63,0 90,0 0,000 0,001 0,999 0,00002 0,040 0,080
90,0 125,0 0,002 0,003 0,997 0,00005 0,160 0,240
125,0 180,0 0,044 0,047 0,953 0,00081 3,770 4,010
180,0 250,0 0,103 0,150 0,850 0,00147 8,720 12,730
250,0 355,0 0,096 0,246 0,754 0,00091 8,130 20,860
355,0 500,0 0,133 0,379 0,621 0,00092 11,310 32,170
500,0 710,0 0,172 0,551 0,449 0,00082 14,570 46,740
710,0 1000,0 0,144 0,695 0,305 0,00050 12,230 58,970
1000,0 0,305 1,000 0,000 0,00061 25,830 84,800
SW LB Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,000 0,000 1,000 0,00000 0,020 0,020
63,0 90,0 0,000 0,000 1,000 0,00000 0,000 0,020
90,0 125,0 0,000 0,001 0,999 0,00001 0,030 0,050
125,0 180,0 0,000 0,001 0,999 0,00001 0,030 0,080
180,0 250,0 0,005 0,006 0,994 0,00008 0,530 0,610
250,0 355,0 0,083 0,090 0,910 0,00080 8,050 8,660
355,0 500,0 0,246 0,336 0,664 0,00170 23,760 32,420
500,0 710,0 0,188 0,524 0,476 0,00089 18,090 50,510
710,0 1000,0 0,167 0,691 0,309 0,00058 16,090 66,600
1000,0 0,309 1,000 0,000 0,00062 29,830 96,430
SW UB Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,000 0,000 1,000 0,00000 0,020 0,020
63,0 90,0 0,000 0,000 1,000 0,00000 0,000 0,020
90,0 125,0 0,001 0,001 0,999 0,00002 0,070 0,090
125,0 180,0 0,051 0,052 0,948 0,00093 5,900 5,990
180,0 250,0 0,366 0,418 0,582 0,00523 42,030 48,020
250,0 355,0 0,488 0,906 0,094 0,00465 56,060 104,080
355,0 500,0 0,076 0,983 0,017 0,00052 8,740 112,820
500,0 710,0 0,012 0,995 0,005 0,00006 1,380 114,200
710,0 1000,0 0,003 0,997 0,003 0,00001 0,310 114,510
1000,0 0,003 1,000 0,000 0,00001 0,310 114,820
SW VL Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,000 0,000 1,000 0,00001 0,030 0,030
63,0 90,0 0,000 0,001 0,999 0,00001 0,020 0,050
90,0 125,0 0,001 0,001 0,999 0,00002 0,050 0,100
125,0 180,0 0,014 0,015 0,985 0,00026 1,290 1,390
180,0 250,0 0,157 0,173 0,827 0,00225 14,320 15,710
250,0 355,0 0,374 0,547 0,453 0,00356 34,050 49,760
355,0 500,0 0,315 0,862 0,138 0,00217 28,680 78,440
500,0 710,0 0,093 0,955 0,045 0,00044 8,490 86,930
710,0 1000,0 0,030 0,985 0,015 0,00010 2,750 89,680
1000,0 0,015 1,000 0,000 0,00003 1,350 91,030
SW VL0.5 Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,000 0,000 1,000 0,00000 0,000 0,000
63,0 90,0 0,000 0,000 1,000 0,00001 0,020 0,020
90,0 125,0 0,000 0,001 0,999 0,00001 0,040 0,060
125,0 180,0 0,010 0,010 0,990 0,00017 1,050 1,110
180,0 250,0 0,109 0,119 0,881 0,00155 11,870 12,980
250,0 355,0 0,432 0,551 0,449 0,00412 47,200 60,180
355,0 500,0 0,319 0,871 0,129 0,00220 34,870 95,050
500,0 710,0 0,085 0,956 0,044 0,00040 9,280 104,330
710,0 1000,0 0,021 0,977 0,023 0,00007 2,300 106,630
1000,0 0,023 1,000 0,000 0,00005 2,520 109,150
SW IV Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,000 0,000 1,000 0,00000 0,000 0,000
63,0 90,0 0,000 0,000 1,000 0,00000 0,010 0,010
90,0 125,0 0,001 0,001 0,999 0,00002 0,060 0,070
125,0 180,0 0,022 0,023 0,977 0,00041 2,200 2,270
180,0 250,0 0,215 0,238 0,762 0,00308 21,170 23,440
250,0 355,0 0,425 0,664 0,336 0,00405 41,810 65,250
355,0 500,0 0,240 0,903 0,097 0,00165 23,590 88,840
500,0 710,0 0,067 0,970 0,030 0,00032 6,570 95,410
710,0 1000,0 0,019 0,990 0,010 0,00007 1,890 97,300




W1 Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,003 0,003 0,997 0,00005 0,270 0,270
63,0 90,0 0,004 0,008 0,992 0,00015 0,330 0,600
90,0 125,0 0,010 0,018 0,982 0,00029 0,800 1,400
125,0 180,0 0,036 0,053 0,947 0,00065 2,840 4,240
180,0 250,0 0,098 0,152 0,848 0,00141 7,860 12,100
250,0 355,0 0,211 0,363 0,637 0,00201 16,860 28,960
355,0 500,0 0,185 0,548 0,452 0,00128 14,760 43,720
500,0 710,0 0,147 0,695 0,305 0,00070 11,760 55,480
710,0 1000,0 0,093 0,788 0,212 0,00032 7,430 62,910
1000,0 0,212 1,000 0,000 0,00042 16,920 79,830
W2 Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,005 0,005 0,995 0,00007 0,510 0,510
63,0 90,0 0,006 0,010 0,990 0,00021 0,630 1,140
90,0 125,0 0,017 0,027 0,973 0,00048 1,850 2,990
125,0 180,0 0,084 0,112 0,888 0,00153 9,180 12,170
180,0 250,0 0,164 0,276 0,724 0,00234 17,860 30,030
250,0 355,0 0,231 0,506 0,494 0,00220 25,170 55,200
355,0 500,0 0,212 0,719 0,281 0,00146 23,130 78,330
500,0 710,0 0,139 0,857 0,143 0,00066 15,120 93,450
710,0 1000,0 0,076 0,933 0,067 0,00026 8,290 101,740
1000,0 0,067 1,000 0,000 0,00013 7,250 108,990
W3 Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,003 0,003 0,997 0,00005 0,240 0,240
63,0 90,0 0,005 0,009 0,991 0,00020 0,400 0,640
90,0 125,0 0,017 0,025 0,975 0,00048 1,240 1,880
125,0 180,0 0,060 0,085 0,915 0,00108 4,430 6,310
180,0 250,0 0,093 0,178 0,822 0,00134 6,960 13,270
250,0 355,0 0,221 0,399 0,601 0,00210 16,430 29,700
355,0 500,0 0,254 0,653 0,347 0,00175 18,910 48,610
500,0 710,0 0,184 0,837 0,163 0,00088 13,730 62,340
710,0 1000,0 0,097 0,935 0,065 0,00034 7,240 69,580
1000,0 0,065 1,000 0,000 0,00013 4,860 74,440
W LB Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,000 0,000 1,000 0,00000 0,000 0,000
63,0 90,0 0,000 0,000 1,000 0,00000 0,000 0,000
90,0 125,0 0,000 0,000 1,000 0,00000 0,010 0,010
125,0 180,0 0,000 0,000 1,000 0,00000 0,010 0,020
180,0 250,0 0,002 0,002 0,998 0,00002 0,160 0,180
250,0 355,0 0,075 0,077 0,923 0,00072 7,330 7,510
355,0 500,0 0,548 0,625 0,375 0,00378 53,230 60,740
500,0 710,0 0,222 0,847 0,153 0,00106 21,580 82,320
710,0 1000,0 0,076 0,923 0,077 0,00026 7,410 89,730
1000,0 0,077 1,000 0,000 0,00015 7,480 97,210
W UB Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,000 0,000 1,000 0,00000 0,000 0,000
63,0 90,0 0,000 0,000 1,000 0,00000 0,000 0,000
90,0 125,0 0,000 0,000 1,000 0,00000 0,010 0,010
125,0 180,0 0,037 0,037 0,963 0,00068 3,930 3,940
180,0 250,0 0,307 0,345 0,655 0,00439 32,530 36,470
250,0 355,0 0,545 0,890 0,110 0,00519 57,650 94,120
355,0 500,0 0,099 0,988 0,012 0,00068 10,450 104,570
500,0 710,0 0,007 0,995 0,005 0,00003 0,700 105,270
710,0 1000,0 0,001 0,996 0,004 0,00000 0,080 105,350
1000,0 0,004 1,000 0,000 0,00001 0,460 105,810
W VL Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,000 0,000 1,000 0,00000 0,000 0,000
63,0 90,0 0,000 0,000 1,000 0,00001 0,030 0,030
90,0 125,0 0,000 0,000 1,000 0,00000 0,000 0,030
125,0 180,0 0,022 0,022 0,978 0,00040 2,240 2,270
180,0 250,0 0,245 0,268 0,732 0,00351 24,840 27,110
250,0 355,0 0,462 0,730 0,270 0,00440 46,810 73,920
355,0 500,0 0,187 0,917 0,083 0,00129 18,930 92,850
500,0 710,0 0,049 0,966 0,034 0,00023 4,950 97,800
710,0 1000,0 0,019 0,985 0,015 0,00007 1,920 99,720
1000,0 0,015 1,000 0,000 0,00003 1,520 101,240
W VL0.5 Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,000 0,000 1,000 0,00000 0,010 0,010
63,0 90,0 0,000 0,000 1,000 0,00000 0,010 0,020
90,0 125,0 0,000 0,000 1,000 0,00000 0,000 0,020
125,0 180,0 0,038 0,038 0,962 0,00068 4,420 4,440
180,0 250,0 0,312 0,350 0,650 0,00446 36,730 41,170
250,0 355,0 0,437 0,787 0,213 0,00416 51,380 92,550
355,0 500,0 0,186 0,973 0,027 0,00128 21,860 114,410
500,0 710,0 0,021 0,994 0,006 0,00010 2,470 116,880
710,0 1000,0 0,002 0,995 0,005 0,00001 0,190 117,070
1000,0 0,005 1,000 0,000 0,00001 0,550 117,620
W IV Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,000 0,000 1,000 0,00000 0,000 0,000
63,0 90,0 0,001 0,001 0,999 0,00002 0,050 0,050
90,0 125,0 0,000 0,001 0,999 0,00001 0,020 0,070
125,0 180,0 0,030 0,031 0,969 0,00054 2,510 2,580
180,0 250,0 0,337 0,367 0,633 0,00481 28,260 30,840
250,0 355,0 0,496 0,864 0,136 0,00473 41,660 72,500
355,0 500,0 0,110 0,973 0,027 0,00076 9,210 81,710
500,0 710,0 0,022 0,995 0,005 0,00010 1,810 83,520
710,0 1000,0 0,004 0,999 0,001 0,00001 0,320 83,840




NW1 Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,002 0,002 0,998 0,00004 0,220 0,220
63,0 90,0 0,002 0,005 0,995 0,00008 0,200 0,420
90,0 125,0 0,008 0,013 0,987 0,00024 0,740 1,160
125,0 180,0 0,024 0,037 0,963 0,00043 2,120 3,280
180,0 250,0 0,055 0,092 0,908 0,00079 4,950 8,230
250,0 355,0 0,115 0,207 0,793 0,00109 10,280 18,510
355,0 500,0 0,149 0,356 0,644 0,00103 13,350 31,860
500,0 710,0 0,151 0,507 0,493 0,00072 13,570 45,430
710,0 1000,0 0,121 0,628 0,372 0,00042 10,860 56,290
1000,0 0,372 1,000 0,000 0,00074 33,290 89,580
NW2 Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,004 0,004 0,996 0,00006 0,360 0,360
63,0 90,0 0,006 0,010 0,990 0,00024 0,610 0,970
90,0 125,0 0,025 0,035 0,965 0,00071 2,350 3,320
125,0 180,0 0,103 0,138 0,862 0,00186 9,680 13,000
180,0 250,0 0,184 0,321 0,679 0,00262 17,330 30,330
250,0 355,0 0,242 0,563 0,437 0,00230 22,810 53,140
355,0 500,0 0,175 0,738 0,262 0,00121 16,510 69,650
500,0 710,0 0,124 0,862 0,138 0,00059 11,690 81,340
710,0 1000,0 0,074 0,935 0,065 0,00025 6,950 88,290
1000,0 0,065 1,000 0,000 0,00013 6,110 94,400
NW3 Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,001 0,001 0,999 0,00002 0,140 0,140
63,0 90,0 0,001 0,002 0,998 0,00002 0,050 0,190
90,0 125,0 0,010 0,012 0,988 0,00028 0,950 1,140
125,0 180,0 0,078 0,090 0,910 0,00143 7,590 8,730
180,0 250,0 0,221 0,312 0,688 0,00316 21,410 30,140
250,0 355,0 0,253 0,565 0,435 0,00241 24,470 54,610
355,0 500,0 0,155 0,720 0,280 0,00107 15,010 69,620
500,0 710,0 0,116 0,836 0,164 0,00055 11,240 80,860
710,0 1000,0 0,083 0,919 0,081 0,00029 8,020 88,880
1000,0 0,081 1,000 0,000 0,00016 7,810 96,690
NW LB Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,000 0,000 1,000 0,00000 0,000 0,000
63,0 90,0 0,000 0,000 1,000 0,00000 0,010 0,010
90,0 125,0 0,000 0,000 1,000 0,00000 0,000 0,010
125,0 180,0 0,001 0,001 0,999 0,00001 0,060 0,070
180,0 250,0 0,002 0,003 0,997 0,00003 0,260 0,330
250,0 355,0 0,039 0,042 0,958 0,00037 4,460 4,790
355,0 500,0 0,336 0,378 0,622 0,00232 38,610 43,400
500,0 710,0 0,313 0,691 0,309 0,00149 35,970 79,370
710,0 1000,0 0,126 0,816 0,184 0,00043 14,420 93,790
1000,0 0,184 1,000 0,000 0,00037 21,090 114,880
NW UB Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,000 0,000 1,000 0,00000 0,020 0,020
63,0 90,0 0,000 0,001 0,999 0,00002 0,040 0,060
90,0 125,0 0,000 0,001 0,999 0,00000 0,000 0,060
125,0 180,0 0,048 0,049 0,951 0,00088 4,350 4,410
180,0 250,0 0,479 0,528 0,472 0,00684 43,080 47,490
250,0 355,0 0,440 0,968 0,032 0,00419 39,570 87,060
355,0 500,0 0,021 0,989 0,011 0,00014 1,890 88,950
500,0 710,0 0,001 0,990 0,010 0,00001 0,100 89,050
710,0 1000,0 0,000 0,990 0,010 0,00000 0,030 89,080
1000,0 0,010 1,000 0,000 0,00002 0,900 89,980
NWVL Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,000 0,000 1,000 0,00000 0,000 0,000
63,0 90,0 0,000 0,000 1,000 0,00000 0,000 0,000
90,0 125,0 0,000 0,000 1,000 0,00000 0,000 0,000
125,0 180,0 0,035 0,035 0,965 0,00065 3,070 3,070
180,0 250,0 0,400 0,435 0,565 0,00571 34,570 37,640
250,0 355,0 0,471 0,906 0,094 0,00448 40,690 78,330
355,0 500,0 0,083 0,989 0,011 0,00058 7,220 85,550
500,0 710,0 0,006 0,996 0,004 0,00003 0,560 86,110
710,0 1000,0 0,001 0,997 0,003 0,00000 0,110 86,220
1000,0 0,003 1,000 0,000 0,00001 0,260 86,480
NW VL0.5 Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,000 0,000 1,000 0,00000 0,000 0,000
63,0 90,0 0,000 0,000 1,000 0,00000 0,000 0,000
90,0 125,0 0,000 0,000 1,000 0,00000 0,000 0,000
125,0 180,0 0,014 0,014 0,986 0,00026 1,310 1,310
180,0 250,0 0,206 0,220 0,780 0,00294 18,820 20,130
250,0 355,0 0,412 0,632 0,368 0,00392 37,640 57,770
355,0 500,0 0,265 0,897 0,103 0,00183 24,190 81,960
500,0 710,0 0,067 0,964 0,036 0,00032 6,080 88,040
710,0 1000,0 0,024 0,988 0,012 0,00008 2,190 90,230
1000,0 0,012 1,000 0,000 0,00002 1,130 91,360
NW IV Size class [µm] p3 Q3 1-Q3 q3 [1/µm] D m[g] SD m[g]
0,0 63,0 0,000 0,000 1,000 0,00000 0,000 0,000
63,0 90,0 0,001 0,001 0,999 0,00002 0,060 0,060
90,0 125,0 0,000 0,001 0,999 0,00000 0,010 0,070
125,0 180,0 0,015 0,015 0,985 0,00027 1,560 1,630
180,0 250,0 0,202 0,218 0,782 0,00289 21,480 23,110
250,0 355,0 0,649 0,867 0,133 0,00618 68,880 91,990
355,0 500,0 0,115 0,982 0,018 0,00079 12,150 104,140
500,0 710,0 0,008 0,989 0,011 0,00004 0,800 104,940
710,0 1000,0 0,001 0,990 0,010 0,00000 0,100 105,040




Full tumbler analysis raw weights (Section 4.4) 
Start weight Cumulative time
24 50 100 250 500
T1F 99.96 91.742 85.402 84.026 82.212 81.555
T2B 100.046 99.07 89.909 84.76 82.22 81.445
T2F 99.905 94.901 85.693 84.535 82.564 81.557
T2B 100.014 98.655 90.175 89.866 83.722 82.848
T3B 99.93 91.888 90.092 86.755 84.961 84.096
